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ABSTRACT 
In the Western Gulf region of the United States cold-tolerant eucalyptus have been 
explored as pulpwood feedstock. However, non-native plantations may alter understory species 
diversity, modifying environmental conditions and soil characteristics. Few studies have 
compared eucalyptus plantations with other ecosystems to understand the impacts of converting 
these land uses on understory vegetation in the United States. Three plantations were selected: 
(1) slash pine (Pinus elliottii) established in 2008, (2) slash pine established in 2013, and (3) and 
Camden white gum (Eucalyptus benthamii) established in 2013. The objectives of this study 
were to: (1) investigate potential changes in understory species over three years through analyses 
of rarefaction curves, species richness, and Shannon index, (2) understand potential differences 
between plantation types in understory univariate functional traits (plant height, leaf size, and 
specific leaf area, and leaf nitrogen concentrations) and multivariate diversity indices (functional 
richness, evenness, and divergence), (3) explore understory vegetation dynamics along gradients 
of overstory, canopy, and soil characteristics. Results indicated a decline in understory species 
richness over time, with Camden white gum in an intermediate condition between same-age 
slash pine (highest richness) and older slash pine (lowest richness). No differences in functional 
indices were detected, suggesting functional redundancy. Differences in functional traits were 
observed, indicating a taller understory in Camden white gum, with leaves richer in N and larger 
in area. Non-metric Multidimensional Scaling revealed similarities in understory species 
composition between Camden white gum and same-age slash pine sites in 2014 and 2015. 
Changes caused by gradients of tree dimensions, canopy complexity, radiation availability, and 
soil characteristics triggered changes in Camden white gum understory. In 2016, understory of 
Camden white gum sites was similar to older slash pine ones. Understory vegetation species 
composition moved towards species with shade tolerance adaptation, but the structural 
 ix 
characteristics of Camden white gum allowed species with full sun and partial shade 
requirements. This study indicated that large-scale land-use change to Eucalyptus benthamii will 
likely result in declines in understory species and ecosystem functionality in an area that has 
already experienced a reduction of floristically-rich native ecosystems, such as longleaf pine 
savannas and woodlands. 
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CHAPTER 1. BACKGROUND 
1.1. FOREST PLANTATIONS, BIODIVERSITY, AND FUNCTIONAL DIVERSITY 
Forest plantations can have either positive or negative impacts on plant richness and 
diversity at different levels (single-tree, stand, or landscape) in relation to the ecological context 
in which they are found (Brockerhoff et al., 2008; Carnus et al., 2006). Generally, plantations 
support fewer species than natural forests (Barlow et al., 2007a, 2007b, Brockerhoff et al., 2013, 
2008; Carnus et al., 2006; Fork et al., 2015; Makino et al., 2007; Matthews et al., 2002). 
However, forest plantations that utilize native tree species might promote the regeneration of 
native understory vegetation (Abiyu et al., 2011; Brockerhoff et al., 2008; Mason et al., 2005; 
Parrotta, 1995; Stallings, 1991), providing important services like critical habitat for endangered 
species (Arrieta and Suárez, 2006; Brockerhoff et al., 2001; Pejchar et al., 2005), and corridors 
for wildlife (Hobbs et al., 2003; Lindenmayer and Hobbs, 2004). There are concerns about the 
suitability of exotic forest species as habitat for indigenous species (Hartley, 2002) and whether 
exotic species plantations can support species richness is dependent on numerous factors, such as 
land use of the site prior the establishment of the plantation, conservation and naturalistic values 
of the site, implementation of diversity management practices, and characteristics of the existent 
understory vegetation (Brockerhoff et al., 2013). 
Changes in ecosystem processes and services might alter biodiversity as consequence of 
changes in functional diversity (Díaz et al., 2007). The relationships between the taxonomic 
diversity and productivity of ecosystems is a central topic in ecology (Johnson et al., 1996), and 
in the last two decades general consensus is growing on the importance of functional traits and 
their interactions in defining the multiple facets of biological diversity, intended as the variety of 
forms, functions, and organization of the living organisms and their interactions with the world 
that surround them, rather than the species number per se (Chapin III et al., 2000; Grime, 1997; 
  2 
Huston, 1997; Johnson et al., 1996; Loreau, 2000; Schläpfer and Schmid, 1999; Tilman, 1999; 
Tilman et al., 1997; Walker et al., 1999). Species richness is often considered a surrogate for 
functional richness as consequence of increasing niche space coverage as species richness 
increases in case of random or uniform occupation of niche space (Diaz and Cabido, 2001). 
However, neither of these cases are common in nature, and occupation of niche space are likely 
connected to (1) strong convergence of different species into divergent functional types, or (2) 
strong separation in niche space among different genotypes, phenotypes, or ontogenetic stages 
within a single species, with a discrepancy in taxonomic and functional richness. Therefore, 
taxonomic richness is not always for the same as functional richness. A functional-based 
approach to biodiversity assessment takes into account the variation in responses to 
environmental changes and the relative effects on ecosystem processes (such as primary 
production, nutrient cycling, water dynamics), giving a holistic understanding of ecosystem 
services (goods and services provided by ecosystem processes to humans such as food, fiber, 
fuel, water provision, carbon sequestration, recreation) that would not be possible using an 
approach based exclusively on species richness (Diaz and Cabido, 2001). 
 
1.2. EUCALYPTUS SILVICULTURE 
The Eucalyptus genus (Eucalyptus spp.) includes more than 500 species native to 
Australia and the bordering islands of Polynesia (González-Orozco et al., 2014), and it is mostly 
cultivated in large areas of Asia, South America, and Africa (Vose et al., 2015). With more than 
70 naturalized species, eucalypts are probably the most widely planted trees in the world (Fork et 
al., 2015; Simberloff and Rejmánek, 2011) due to their prolific seed production, low incidence of 
disease, pest resistance, drought tolerance, high biomass productivity, and fast growth rate in 
soils of relatively low fertility (Booth, 2012; Wear et al., 2015). Eucalyptus plantations provide 
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several forest products, such as timber, poles, firewood, pulpwood, windbreaks, shelterbelts, 
ornamentals, essential oil, and honey (Forsyth et al., 2004; Lorentz and Minogue, 2015a, 2015b; 
Ritter and Yost, 2009).  
Eucalyptus was introduced to the southern United States as early as 1878, while extensive 
commercial plantations were established in Florida and Texas, respectively, in the 1950’s and 
1960’s (Geary et al., 1983). In the early 1970’s, a eucalyptus research cooperative was formed in 
order to provide financial and research support to the US Department of Agriculture (USDA) 
Forest Service; subsequently, four eucalyptus species (Eucalyptus grandis, Eucalyptus robusta, 
Eucalyptus camaldulensis, and Eucalyptus tereticornis) were selected and commercial 
plantations were established in southern Florida (Kellison et al., 2013; Rockwood, 2012). In 
1971, the Hardwood Research Cooperative at North Carolina State University (NCSU) initiated 
a systematic evaluation of species and sources to determine Eucalyptus suitability primarily for 
the Lower Coastal Plain of the South (Kellison et al., 2013). The Hardwood Cooperative pursued 
eucalyptus research and development until 1985, when a series of severe freezes occurred during 
winters of 1983-85 (Kellison et al., 2013. In Florida, eucalyptus planting and research were 
continued thanks to the efforts of the University of Florida and collaborators. 
Environmental factors, in particular sensitivity to cold temperatures, have limited the 
diffusion of eucalyptus in the United States (Vose et al., 2015). However, field trials with 
genetically improved and freeze-tolerant eucalyptus varieties show the potential to expand 
commercial eucalyptus plantations in the zone defined by the USDA as “Plant Hardiness Zones 
8b” (annual minimum temperature 9.4° C) (Gonzalez et al., 2011; Hinchee et al., 2011) and 
greater (Hinchee et al., 2011). This research renewed attention to the potential of eucalyptus to 
significantly boost hardwood fiber production in many areas of the southern United States 
(Gonzalez et al., 2011; Vose et al., 2015). Among cold-resistant eucalyptus species, Eucalyptus 
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benthamii Maiden & Cambage raised interest for its suitability to produce biomass for industrial 
activities (Baccarin et al., 2015). Eucalyptus benthamii is native to Camden (western part of 
Sidney), Australia, where it occurs in rows on alluvial plains on sand or loam over clay along the 
Nepean River and its tributaries (Benson and McDougall, 1998; Benson, 1985). Due to its 
resistance to low temperatures and its high growth productivity, Eucalyptus benthamii (Camden 
white gum) plantations have been successfully established in diverse regions such as Brazil, 
Argentina, Uruguay, Chile, China, South Africa, and United States (Baccarin et al., 2015; Lin et 
al., 2003; Shifflett et al., 2014). 
In 2007, the MeadWestvaco company began an operational-scale experiment in 
cultivating eucalyptus plantations in southwestern Louisiana and southeastern Texas (Blazier et 
al., 2010). The eucalyptus plantations were desired as supplemental sources of hardwood fiber 
for their paper mill, but it was recognized that these plantations could have deleterious effects on 
non-timber forest attributes. From 2010-2016 around 8,093 ha (20,000 acres) of land were 
procured to lease for 10-year rotations. In Louisiana, eucalyptus plantations were predominantly 
on former slash pine plantations managed by Larson McGowin for the Rice University 
Foundation. Although eucalyptus plantations have been in more southerly portions of the 
Southeast, particularly Florida, for decades, the MeadWestvaco plantations were the first at 
operational scale in the Western Gulf region. Wear et al. (2015) recently forecast much of the 
southern portions of the Southeast (with the region in which the MeadWestvaco eucalyptus 
project was conducted being characterized as a high-productivity area) as being potentially 
planted in freeze-tolerant eucalyptus due to advances in eucalyptus breeding and its potential 
economic benefits relative to native species plantations. Due to their operational scale and their 
recent conversion from native species plantations, the MeadWestvaco eucalyptus plantation 
  5 
project provided an opportunity to explore the impacts of eucalyptus plantation conversion on 
non-timber vegetation diversity, productivity, and structure.  
 
1.3. OBJECTIVES 
Understanding the consequences of exotic forest plantations on understory vegetation 
communities is a critical issue for forest managers to ensure wood and forest products supply 
while maintaining biodiversity and ecosystem functionalities. Large-scale conversion to 
Eucalyptus benthamii on sites formerly occupied by slash pine plantations could have important 
implications on non-timber vegetation attributes. Stand, site, and vegetation factors that govern 
non-timber vegetation responses to conversion from slash pine to eucalyptus must be understood 
to better guide decision-making about these exotic plantations. Therefore, the specific objectives 
of this study are: 
• To investigate changes in understory species communities in Camden white gum and 
slash pine plantations over a period of three years in terms of total number and evenness 
of species in relation to site factors that may govern these parameters (Chapter 3). 
• To understand potential differences in understory vegetation functional diversity and 
functional traits and their relationships to species richness and understory biomass and 
structure between the two plantation types in relation to understory characteristics 
(Chapter 4). 
• To explore the understory vegetation dynamics in relation to gradients of overstory, 
canopy, and soil characteristics (Chapter 5). 
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CHAPTER 2. GENERAL METHODS 
2.1. SITE DESCRIPTION  
The study was conducted in forest plantations in the area surrounding the town of 
Merryville, Louisiana, USA (30°45′14″N, 93°32′13″W), shown in Fig. 2.1. Topography of the 
stands was quite uniform, relatively flat, and with mean elevation of 47 m above sea level. 
Average monthly minimum and maximum air temperatures for the study region are 12°C and 
26°C respectively, and average annual temperature is 19°C. Annual rainfall reaches 1412 mm. 
Climate of the site is defined as humid subtropical subtype Cfa – humid temperate with uniform 
rainfall, under Köppen classification (Kottek et al., 2006). All climatic data were obtained 
through the National Oceanic and Atmospheric Administration website (http://www.noaa.gov/) 
for the Leesville, Louisiana station (8.5 m above sea level, 31°8′37″ N, 93°16′16″W) (Fig. 2.2). 
Soils of the study area belong to Ultisol (73% of the sites) and Alfisol (27%) orders, and they are 
classified as Udults, Udalfs, Aqualfs, and Fluvents, according to USDA Soil Taxonomy (Soil 
Survey Staff, 2014; USDA, 2002).  
The study locations were within West Gulf Coastal Plain Wet Longleaf Pine Savanna and 
Flatwoods ecotypes (Holcomb et al., 2015). These ecotypes are floristically-rich, herb-dominated 
wetlands that are naturally sparsely stocked with longleaf pine (Pinus palustris). More than 140 
species of vascular plants have been observed in a 1,000-m2 area, and more than 40 species m-2 
have been recorded in many longleaf pine communities, including a large number of endemic 
species (Peet and Allard, 1993). Pine savannas are characterized by high fluctuations of water 
tables, ranging from surface saturation/shallow flooding in late fall/winter/early spring to 
growing season drought. Soils are generally acidic, nutrient-poor, fine sandy loams and silt 
loams low in organic matter. Fires play a major role in controlling species and community 
structure. Without frequent fire, shrubs and trees will become predominant in these ecotypes, and 
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they eventually take over the herbaceous flora. Moreover, the establishment of pulp mills during 
the 1950s created high demand for smaller trees, which accelerated the conversion of naturally-
regenerated longleaf pine forests into loblolly pine and slash pine plantations, resulting in a 
continuous decline of the area occupied by longleaf pine ecosystems (Brockway et al., 2005). 
For Camden white gum silviculture in the area, Blazier et al. (2015) listed the following 
management operations for the first year: (1) pre-planting broadcast herbicide applications to 
suppress hardwood species, (2) pre-mechanical site preparation involving of shearing, raking and 
piling of standing trees and logging debris, (3) mechanical site preparation consisting of bedding 
and subsoil plow in case of root-restrictive soil texture, (4) manual planting of seedlings prior to 
the first freeze events of the year, (5) banded P fertilizer applications, and (6) pre- and post-
emergence herbicide applications. During the second and the third years after planting, herbicide 
applications are applied if necessary to refine competing vegetation control, and banded NP and 
NPK are applied during the second and third years respectively. Due to the nature of the present 
study, all herbicide applications were ceased after the first year. At mid-rotation (age 3), all 
eucalyptus plantations in this study were operationally fertilized via aerial broadcast application 
of urea and diammonium phosphate (57 kg ha-1 of DAP and 57 kg ha-1 urea).  
Precipitation in 2014 was high relative to the 30-year (long-term) average in summer 
months, and drier in winter period (Fig 2.2). In 2015, precipitation was higher than the long-term 
average in the spring; lower in late summer and early fall, and higher in late fall. Precipitation 
patterns of 2016 were relatively wet in spring through summer (with the exception of July). 
Temperature seemed to deviate less from the long-term average than precipitation. In 2014, 
temperatures were similar to those of the 30-year average, with the greatest deviation in January. 
Temperatures in 2015 were often slightly above the 30-year average. In 2016, temperatures 
continued to be slightly above the long-term average for the region. 
  12 
 
Fig. 2.1. Locations of Eucalyptus bethamii (E13), and Pinus elliottii planted in 2013 (S13) and 2008 (S08) sites. 
  13 
 
Fig. 2.2. Average and 30-year monthly temperature and precipitation during 2014 (a), 2015 (b) 
and 2016 (c) for the National Oceanic and Atmospheric Administration Leesville station, LA. 
 
2.2. EXPERIMENTAL DESIGN 
We selected three different plantation types: (1) slash pine plantation established in 2008 
(S08); slash pine plantation established in 2013 (S13); (3) and Camden white gum plantation 
established in 2013 (E13). For each plantation type, we identified five study stands (15 study 
sites in total) from among those available on lands owned by cooperating landowners. Within the 
region in which this study was conducted, Camden white gum plantations were often established 
on sites formerly managed as slash pine plantations, and slash pine plantations were a 
predominant land use type surrounding the Camden white gum plantations. Slash pine 
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plantations established in 2013 and 2008 were similar in age and height (at the beginning of the 
study), respectively, to the Camden white gum plantations. 
At each study site, we established four 6 m × 50 m plots along a transect in the center of 
the stand with plots separated from each other and plantation edges by >50 m. This protocol was 
adapted from characteristics of Forest Inventory and Analysis and Plant Ecology Laboratory 
methods (Beals and Cottam, 1960; Curtis, 1959; Johnson et al., 2008). Each transect was 
designed to start at a random point and to stretch along a random azimuth that was restricted to 
keep the transect within the site (Messick, 2016). To reduce edge effect, transects were buffered 
by 50 meters from the site edges (Jensen and Finck, 2004; Kaiser and Lindell, 2007).  
 
2.3. VEGETATION SURVEYS 
The quadrat method (Kent and Coker, 1992) was used to conduct understory vegetation 
surveys within the 6 × 50 m plots. Ten vegetation sampling points each separated by 5 m were 
established along the center of each plot. A 1 m × 1 m frame was placed at each of the 10 
sampling points per plot, and species present were recorded (Gotelli and Colwell, 2010). This 
method has been employed in studies of understory species richness and diversity of E. globulus 
plantations in Portugal (Carneiro et al., 2008, 2007). Two floristic surveys (one in spring and one 
in fall) were conducted each year from 2014 to 2016, and all the species were identified and 
recorded at each quadrat. These surveys began in spring 2014 because all herbicide treatments 
within the Camden white gum plantations had ceased in late fall 2013 consistent with operational 
silvicultural protocols for these plantations, allowing understory vegetation to become 
established in those plantations. Species were also classified according their growth form and life 
cycle duration as listed in the USDA PLANTS Database (https://plants.usda.gov/). 
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2.4. LEAF AREA INDEX AND TOTAL DAILY RADIATION UNDER CANOPY 
Light availability and intensity have critical effects on understory vegetation composition 
and abundance influencing temperature and humidity of the site (Barbier et al., 2008; Bartemucci 
et al., 2006; Battles et al., 2001; Lemenih et al., 2004; Parrotta, 1995; Yirdaw and Luukkanen, 
2004). Light radiation in the transmittance depends on the overstory characteristics, which can be 
synthetically described using leaf area index (Barbier et al., 2008). We measured leaf area index 
(LAI) (Walter, 2009) using a hemispherical (fisheye) lens placed under the canopy (Anderson, 
1964; Jonckheere et al., 2004), with a 180° field of view, such that all sky directions were 
simultaneously visible (Hill, 1924; Rich, 1990). Leaf area index was then mathematically 
derived from inversion of gap fraction (Walter, 2009), with LAI being proportional to the natural 
logarithm of gap fraction (Chianucci et al., 2015). WinSCANOPY software (Regent Instruments, 
Ste-Foy, Quebec) was used to analyze hemispherical pictures and calculate LAI and total (direct 
+ diffuse) daily radiation under the canopy.  
Hemispherical photos were taken in August-September 2016 (a period of seasonal 
maximum leaf area) using a Nikon Coolpix 4500 camera equipped with Nikon FC-E8 fish-eye 
converter lens. The camera was placed on a levelled tripod at 147 cm of height from the ground. 
Images were collected at maximum resolution (3,871,488 pixels total), pointing the levelled 
camera directly upwards at zenith. Five pictures per plot were taken in E13 and S08 stands 
during early morning or late afternoon to avoid direct sunlight. The picture sampling locations 
corresponded to five of the sampling locations used for vegetation sampling. In S13 stands, one 
picture per plot (at the vegetation sampling point at the center of the plot) was taken due to 
relatively uniform overstory and open-canopy conditions (which fosters direct sunlight in images 
until a narrow timeframe in early morning and late afternoon).  
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2.5. OVERSTORY CHARACTERISTICS 
Tree within each plot, tree heights, and diameters were measured three times: February 
2015, January 2016, and December 2016. Due to frequent rain and labor availability, part of the 
2015 measures were taken in April 2015. Diameter at breast height (DBH) was measured on all 
trees with height >1.30 m and diameter >1.2 cm. DBH measurements were used to calculate 
basal area (m2 ha-1). Total tree height was measured using a height pole for S13 plots and a 
Haglof Vertex IV hypsometer (Haglof Inc., Madison, MS, USA) for S08 and E13 plots. 
 
2.6. SOIL SAMPLING AND ANALYSIS 
 Differences in understory diversity and composition are often a consequence of 
differences in topsoil (Barbier et al., 2008). Five composite soil samples per plot (2.5-cm 
diameter cores taken to a 30-cm depth) were collected in proximity of vegetation sampling 
quadrats (numbers 1, 3, 5, 7, and 9) during August 2016. The soil subsamples were pooled into 
one composite sample per plot, yielding four subsamples per site and five replicates per 
plantation type. Soil samples were immediately placed on ice packs and sent to the laboratory in 
a cooler. All soil samples were oven-dried (40°C), passed through a 2-mm sieve, and sent to the 
laboratory for chemical analysis, including pH, Mehlich 3 extractable nutrients (P, K, Ca, Mg, 
Na, S, Cu, and Zn), total C, and total N (Allen and Schlesinger, 2004; Blazier et al., 2005; Van 
der Heijde et al., 2008; Zhao et al., 2014). 
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CHAPTER 3. UNDERSTORY VEGETATION RICHNESS AND 
DIVERSITY OF EUCALYPTUS BENTHAMII AND PINUS ELLIOTTII 
PLANTATIONS IN THE MID-SOUTH U.S. 
3.1. INTRODUCTION 
Eucalyptus (Eucalyptus spp.) plantations are common in Asia, Africa, and South America 
because of their fast growth, high productivity, and good adaptability to an array of site 
conditions (JianPing et al., 2015), but they have not been widely planted in the United States due 
to their sensitivity to cold temperatures (Kellison et al., 2013; Rockwood, 2012). Eucalyptus 
plantations can be successfully established in the southeastern U.S. by planting cold-tolerant 
species, such as Camden white gum (Eucalyptus benthamii (Maiden & Cambage)), which are 
able to thrive in the areas classified by the U.S. Department of Agriculture (USDA) as Plant 
Hardiness Zones 8b (annual minimum temperature > 9.4° C) and greater (Hinchee et al., 2011).  
In the southeastern U.S., pine (Pinus spp.) plantations are currently the most important 
source of softwood forest products with about 16 million ha of planted forests (Wear et al., 
2015). In the Western Gulf region cold-tolerant eucalyptus species have been explored as short-
rotation pulpwood feedstock for paper mills that require hardwood. Some mills in the region 
have recurring difficulties obtaining local raw material during wet periods, when harvesting 
operations are restricted to protect soil and water quality. During such periods, mills must import 
feedstock material at high costs (Blazier et al., 2012). 
The establishment of non-native forest plantations has led to questions about potential 
impacts on native species diversity (Brockerhoff et al., 2009). Lower species diversity in 
eucalyptus plantations relative to natural forests has been observed in numerous studies 
(Brockerhoff et al., 2013; Stallings, 1991), considering both woody species (Abiyu et al., 2011; 
Lemenih et al., 2004; Stephens and Wagner, 2007; Tyynelä, 2001; Zhao et al., 2014) and 
understory species (Fork et al., 2015; Hua-Feng et al., 2011; YuanGuang et al., 2010; Zhang et 
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al., 2014). On the other hand, eucalyptus plantations did not alter understory species richness 
when eucalyptus was established on barren lands (JianPing et al., 2015) when compared with 
native woodland (Bone et al., 1997). Eucalyptus plantations showed higher (Lemenih et al., 
2004; Michelsen et al., 1996) or similar (Geldenhuys, 1997) understory and woody species 
richness than other non-native species plantations. Both forest species and herbaceous species 
typical of savannas were encountered in eucalyptus plantations established in the Republic of the 
Congo, suggesting that eucalyptus plantations acted as a connectivity corridor between natural 
forest patches or a surrogate habitat for native species (Loumeto and Huttel, 1997). 
A review conducted by Bremer and Farley (2010) emphasized the effect of plantations on 
biodiversity in relation to land-use change. Plantations of native tree species were richer in 
species than in plantations of exotic tree species; management and structural factors rather than 
native/exotic dichotomy were identified as primary reasons for the differences in species richness 
of the planation types. In particular, Stephens and Wagner (2007) suggested that native 
plantations are on the average more similar in habitat structure to natural forests than are exotic 
plantations and therefore support a more diverse flora and fauna.  
Overstory and canopy influence the habitat for understory by altering light, temperature 
and humidity regimes (Parrotta, 1993; Richardson et al., 1989). Moreover, soil nutrient 
availability and pH are influenced by overstory and may affect the presence and growth of 
understory species (Légaré et al., 2001). Therefore, it is important to understand the role of 
overstory in determining the species assemblage in the understory. Overstory characteristics can 
be described by variables well-known in forestry, such as diameter at breast height (DBH), basal 
area, and tree height, while canopy characteristics can be described through leaf area index (LAI) 
and total daily radiation under the canopy (RAD) previously illustrated in Chapter 2. 
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In Louisiana, slash pine plantations have shown less understory species diversity than 
native longleaf pine savannas and woodlands as a consequence of management practices that 
decreased habitat heterogeneity, such as high stocking (which leads to dense shading), intensive 
use of herbicides, and exclusion of prescribed fire (Holcomb et al., 2015). Few studies have 
compared vegetation communities in short-rotation forestry plantations with those in pine 
plantations in the United States, with very few cases regarding eucalyptus plantations. A study 
was established in southwestern Louisiana within operational-scale plantations to explore 
differences in vegetation richness between intensively-managed Eucalyptus benthamii and slash 
pine (Pinus elliottii) plantations.  
Understory species comprise an important component of forest ecosystems, but they are 
studied less frequently and intensively compared to tree species. In this study, understory species 
richness and diversity were compared over three years between Camden white gum plantations 
established in 2013, same-age slash pine plantations, and older but similar-height slash pine 
plantations established in 2008. Specifically, understory species communities were compared 
between the three plantation types through rarefaction curves and two diversity indices (species 
richness and Shannon index). Multivariate techniques were also used to understand the 
differences among the plantation types in terms of richness and diversity indices, overstory 
biometrics, leaf area index, total daily radiation under the canopy, and soil characteristics. 
 
3.2. METHODS 
Information about site, experimental design, vegetation surveys, LAI and total daily 
radiation under the canopy, overstory metrics, and soil sampling were described in Chapter 2. 
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3.2.1 Species richness, diversity indices, and rarefaction curves 
Understory vegetation data collected during the vegetation surveys were used to compute 
the following community diversity indices: species richness (S) and Shannon index (H’) (Jost, 
2007, 2006; Lee-Ann and Martin, 2010; Magurran, 2004). While species richness represents just 
the number of species without any information about abundance, Shannon index considers both 
abundance and evenness of species present in the community, usually ranging from 1.3 to 3.5, 
with higher values indicating higher diversity (Magurran, 2004; Margalef, 1972). Shannon index 
was calculated as 
!" = −%&'()&'*'+,  
 
where pi is the relative proportion of species i. Understory species richness was calculated on a 
plot basis, adding together all the species recorded in the 10 sampling quadrats within each plot. 
Species richness and Shannon index were calculated using EstimateS 9.1. 
An alternative way to estimate species richness is to construct species accumulation 
curves, which defines the cumulative number of species discovered in a community as function 
of sampling effort, defined as numbers of collected individuals or the cumulative number of 
samples (Colwell and Coddington, 1994). Species-area curves are widely used in botanical 
research (Magurran, 2004), where the x-axis is the number of samples and the y-axis is the 
accumulated number of species (Gotelli and Colwell, 2010). Since sampling order influences the 
accumulation curve shape, smooth curves (rarefaction curves; Fig 3.1) can be produced through 
a randomization process (Colwell et al., 2004; Gotelli and Colwell, 2010, 2001).  
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Fig. 3.1. An example species accumulation curve. The red lines represent the mean species 
richness (solid) and the 95% confidence intervals (dotted) generated through randomization, 
while the blue line represents an example of sampling. 
 
Sample-based rarefaction curves were generated for plant communities in the three 
plantation types (Colwell et al., 2004; Gotelli and Colwell, 2001) using EstimateS 9.1 (Colwell, 
2013). To generate smooth rarefaction curves, the sample order was randomized 100 times. To 
evaluate whether species richness was different among plantation types at the level of α = 0.05, 
the 95% confidence intervals were checked for overlap (Colwell et al., 2012). 
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3.2.2. Statistical analysis: generalized linear mixed modes, generalized linear models, 
correlation analysis, and multiple regression analysis 
Analyses of variance (ANOVA) at α=0.05 were conducted through generalized linear 
mixed models using the GLIMMIX procedure in SAS 9.4 (SAS Institute Inc., 2002–03) to test 
for differences in species richness, Shannon index, overstory metrics, LAI, and total daily 
radiation under the canopy, and soil characteristics. When ANOVA revealed significant effects, 
means separations were performed using Tukey’s honest significant difference test.  
We determined Pearson’s correlation coefficients (r) to explore possible relationships 
between variables related to forest structural conditions (LAI, daily total radiation under canopy, 
tree DBH, height, basal area), plant community metrics (species richness and Shannon index), 
and soil characteristics (pH, C, N, etc.). 
Multiple linear regression analysis was performed at α=0.05 to characterize the influence 
of overstory and soil parameters on understory species richness and diversity. The stepwise 
method of the REG procedure of SAS 9.4 was used for this analysis, using 0.15 and 0.05 as 
significance levels for entry and staying in the model, respectively. Species richness and 
Shannon index were dependent variables for the regression equations. Overstory metrics, LAI, 
total daily radiation under canopy, pH, and soil nutrient concentrations were independent 
(explanatory) variables in the models. Multicollinearity of independent variables was assessed 
using variance inflation factor, eigensystem analysis of correlation matrix, and condition index. 
 
3.2.3. Statistical analysis: canonical discriminant analysis 
To further explore the relationships between understory, overstory, and soil variables 
during 2016, stepwise discriminant analysis (SDA) – STEPDISC procedure in SAS – was used 
to reduce the dimension of the dataset. This analysis identifies the variables that contribute most 
to the discriminatory power of the model, as measured by Wilk’s lambda (Huberty and Olejnik, 
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2006). A significance threshold of a=0.05 was used for variables to enter and be retained in the 
discriminant function, and the corresponding partial R2 values were listed. Partial R2 
characterizes the amount of variation accounted for by that variable in discriminating between 
groups; the larger the partial R2 value, the greater the contribution of the respective variable to 
discrimination between groups. The reduced dataset was then used in a discriminant canonical 
analysis (DCA), conducted using the candisc package (Friendly and Fox, 2017) in R version 
3.5.1 (R Core Team, 2018), to derive canonical functions representing linear combinations of the 
variables selected through DCA that best summarize the differences among plantations. A 
canonical biplot was also produced. In a canonical biplot the axes (the canonical functions) are 
the two dimensions that provide maximum separation among the groups. The biplot shows how 
each observation is represented in terms of canonical functions and how each covariate 
contributes to the canonical functions. In the canonical plot, rays define the covariates, and their 
length and direction indicate the degree of association of the corresponding covariate with the 
canonical functions. 
 
3.3. RESULTS 
3.3.1. Families, species, life cycle, and form of understory vegetation 
The number of families and species and the life cycle and form of understory vegetation 
observed throughout this study are reported in Table 3.1. Asteraceae contained the highest 
number of species, followed by Fabaceae and Poaceae. Common species present in all plantation 
types were little blue stem (Schizachyrium scoparium), southern dewberry (Rubus trivialis), cat 
greenbrier (Smilax glauca), swamp sunflower (Helianthus angustifolius), and several species of 
the genera Eupatorium, Solidago, Dichanthelium, Rhynchospora, Diodia and Rhexia. 
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Information about families, species, incidence, life form, and duration observed is reported in 
Appendix A1.  
The predominant form was forb/herb for all the plantation types, while trees and vines 
were more common in S08 and E13 than in S13, except for 2016 where S13 showed the highest 
number of tree species (Table 3.1). Shrubs and graminoids were present in all the plantation 
types as well. Perennial species were slightly more frequent in S08 than in the other plantation 
types, while annual and annual/biennial species had higher proportions in S13 and E13. Biennial 
species were not found in S08 during the three years, and they were not found in S13 and E13 
during 2015 and 2016, respectively. 
 
Table 3.1. Number of families, species, life cycle (%), and form (%) of understory vegetation in 
slash pine plantations planted in 2008 (S08) and 2013 (S13) and in Camden white gum 
plantations planted in 2013 (E13) in southwestern Louisiana. 
Variable Type 
S08 S13 E13 
2014 2015 2016 2014 2015 2016 2014 2015 2016 
Families - 30 32 26 34 37 35 34 34 23 
 
Species - 53 56 40 74 85 66 72 75 52 
           
Cycle 
Annual 1.80 7.10 5.00 3.77 10.47 6.56 8.33 5.33 11.54 
Biennial 0.00 0.00 0.00 1.89 0.00 1.64 1.39 1.33 0.00 
Annual/biennial 1.89 0.00 7.50 5.66 2.33 6.56 5.56 5.33 9.62 
Perennial 96.23 92.86 87.50 88.68 87.21 85.25 84.72 88.00 78.85 
           
Form 
Graminoid 13.21 16.07 12.50 18.92 17.44 13.11 13.89 12.00 9.62 
Forb/herb 50.94 44.64 45.00 56.76 56.98 59.02 55.56 56.00 61.54 
Shrub 16.98 19.64 20.00 14.86 16.28 14.75 15.28 16.00 15.38 
Tree 5.66 7.14 5.00 1.35 2.33 6.56 5.56 5.33 0.00 
Vine 13.21 12.50 17.50 8.11 6.98 6.56 9.72 10.67 13.46 
 
3.3.2. Rarefaction curves 
Rarefaction curves were different among and within plantations types in all years of the 
study. During 2014, understory species richness was greater in E13 and S13 than in S08 (Fig. 
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3.2a). In 2015 and 2016, species richness was highest in S13, intermediate in E13, and lowest in 
S08 (Fig. 3.2b and c). Within each plantation type, species richness did not change from 2014 to 
2015 in any plantation type, while it declined from 2015 to 2016 in E13 and S08, but not in S13 
(Fig. 3.3).  
 
 
Fig. 3.2. Species accumulation curves for slash pine plantations planted in 2008 (S08) and 2013 
(S13) and in Camden white gum plantations planted in 2013 (E13) in southwestern Louisiana as 
observed in 2014 (a), 2015 (b), and 2016 (c). Dotted lines represent 95% confidence intervals, 
overlapping confidence intervals denote non-significant difference, and different letters indicate 
significant difference (a = 0.05). 
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Fig. 3.3. Species accumulation curves in 2014, 2015, and 2016 for (a) Camden white gum 
plantations planted in 2013 (E13), (b) slash pine plantations planted in 2008 (S08), and (c) slash 
pine plantations planted in 2013 (S13) plantations. Dotted lines represent 95% confidence 
intervals, overlapping confidence intervals denote non-significant difference, and different letters 
indicate significant difference (a = 0.05). 
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3.3.3. Species richness and diversity indices 
Understory species richness and Shannon index were significantly different among the three 
plantation types and among years ( 
Table 3.2 and Fig. 3.4). Both species richness and Shannon index were greater in S13, 
intermediate in E13, and lower in S08 during 2014 and 2015. In 2015, they were similar in S13 
and E13, but different from S08. Within plantation, species richness and Shannon index were 
similar in 2014 and 2015, then declined in 2016. 
 
Fig. 3.4. Mean and standard error of the mean for species richness (a) and Shannon index (b) in 
slash pine plantations planted in 2008 (S08) and 2013 (S13), and in Camden white gum 
plantations planted in 2013 (E13) in southwestern Louisiana (n=60 plots). Different capital 
letters indicate significant difference (P < 0.05) between plantations within the same year, while 
different lowercase letters indicate significant difference between years within the same 
plantation type. 
 
Table 3.2. Test of fixed effects for species richness and Shannon index (H’). Main effects 
consisted of plantation type (plant) and year (yr) (n=180). 
Effect NDF DDF 
Richness H’ 
F P-value F P-value 
plant 2 36 34.61 < .0001 44.22 < .0001 
yr 2 36 46.15 < .0001 49.07 < .0001 
plant*yr 4 36 0.56 0.6921 0.83 0.5173 
NDF = numerator degrees of freedom, DDF = denominator degrees of freedom. 
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3.3.4. Overstory, canopy, and soil characteristics 
Diameter at breast height was significantly greater in S08 than E13 plantations over the 
three years (Table 3.3 and Table 3.4), and it increased significantly over time in both plantation 
types. Tree heights for S08 plantations were greater for E13 plantations in the first and second 
years of the study, but it was greater in E13 than for S08 in the third year. Height increased 
within plantations each year. Basal area of S08 plantations was significantly greater than for E13 
plantations over the three years, and it significantly increased from 2014 to 2016 for both 
plantation types. Leaf area index and total daily radiation under the canopy both were 
significantly different among plantation types (S08 > E13 > S13 for LAI and S13 > E13 > S08 
for radiation) in 2016 (Fig. 3.5). 
 
Table 3.3. Mean DBH (cm), height (m), and basal area (m2 ha-1) and standard error of the mean 
(SEM) for slash pine plantations planted in 2008 (S08) and 2013 (S13) and in 2013 Camden 
white gum plantations (E13) in southwestern Louisiana. For each variable, different capital 
letters within a row indicate significant difference (P < 0.05) between plantations within the 
same year, while different lowercase letters indicate significant difference between years within 
the same plantation type. 
Variable Measurement 
S08 	 E13 	 S13 	
Mean SEM Obs.	 Mean SEM Obs.	 Mean SEM Obs.	
DBH 
Feb/Apr 2015 8.69 (Ab) 0.08 965	 4.10 (Bc) 0.06 1013	 - - -	
Jan 2016 9.33 (Aa) 0.09 1001	 5.01(Bb) 0.08 1082	 1.93 0.05 844	
Dec 2016 10.31 (Aa) 0.10 968	 7.31(Ba) 0.11 1023	 3.92 0.05 849	
    	   	   	
 Feb/Apr 2015 6.14 (Ac) 0.04 965	 4.68 (Bb) 0.05 1013	 0.10 0.001 813	
Height Jan 2016 7.26 (Ab) 0.05 1001	 5.45 (Bb) 0.07 1082	 2.23 0.04 844	
 Dec 2016 8.93 (Ba) 0.05 968	 9.79 (Aa) 0.12 1023	 2.88 0.03 849	
    	   	   	
Basal area 
Feb/Apr 2015 10.35 (Ac) 1.10 20	 2.69 (Bc) 0.25 20	 - - -	
Jan 2016 12.36 (Ab) 1.19 20	 4.63 (Bb) 0.46 20	 0.49 0.08 20	
Dec 2016 14.53 (Aa) 1.44 20	 7.80 (Aa) 0.69 20	 1.80 0.22 20	
No DBH and basal area data were available for S13 during Feb-Apr 2015 because no trees had reached DBH at that 
time. S13 data related to DBH, height, and basal area were not included in the statistical analysis because not all 
trees in this plantation type had reached DBH within this study. 
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Table 3.4. Test of fixed effects for DBH, height, and basal area. 
Effect NDF DDF 
DBH Height BA 
F P-value F P-value F P-value 
plant 1 24 110.96 <.0001 3.59 0.0704 46.12 <.0001 
yr 2 24 92.69 <.0001 149.67 <.0001 78.23 <.0001 
plant*yr 2 24 13.01 0.0001 221.24 <.0001 1.09 0.3511 
NDF = numerator degrees of freedom, DDF = denominator degrees of freedom 
 
There were differences among plantation types in some of the soil parameters (Table 
3.5). S13 stands were less acidic than S08 and S13. The S13 stands had greater Cu 
concentrations than S08. Higher concentrations of S were observed in S08 stands than in S13 and 
E13 stands, and both slash pine plantation types were richer in Na and Zn than E13. The E13 
stands had higher P concentrations than the other plantation types. 
 
 
Fig. 3.5. Leaf area index (LAI) (a) and total daily radiation under the canopy (b) in slash pine 
plantations planted in 2008 (S08) and 2013 (S13) and in Camden white gum plantations planted 
in 2013 (E13) in southwestern Louisiana (n=60 plots) in 2016. Different capital letters indicate 
statistically significant difference (P-value < 0.05). 
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Table 3.5. Soil characteristics means and standard error of the mean (SEM) in slash pine 
plantations planted in 2008 (S08) and 2013 (S13) and in Camden white gum plantations planted 
in 2013 (E13) in southwestern Louisiana (n=60 plots) in 2016. Means followed by different 
letters within each row indicate statistically significant difference (P-value < 0.05). 
Variable 
E13 S08 S13 
Mean SEM Mean SEM Mean SEM 
C (%) 1.077 0.062 1.137 0.077 1.211 0.116 
N (%) 0.041 0.003 0.048 0.003 0.048 0.003 
Ca (µg g-1) 123.146 8.886 128.242 11.785 149.669 20.001 
Cu (µg g-1) 0.523(AB) 0.033 0.450(B) 0.027 0.602(A) 0.037 
Mg (µg g-1) 30.011 1.773 38.879 4.826 44.975 9.034 
P (µg g-1) 7.221(A) 2.096 2.434(B) 0.214 2.298(B) 0.205 
K (µg g-1) 26.027 1.252 20.297 2.775 19.703 1.541 
Na (µg g-1) 14.551(B) 0.640 19.563(A) 0.860 19.044(A) 1.845 
S (µg g-1) 7.876(B) 0.322 13.131(A) 1.139 9.827(B) 0.798 
Zn (µg g-1) 0.746(B) 0.071 1.506(A) 0.250 1.532(A) 0.179 
pH	 4.765(B)	 0.045	 4.673(B) 	 0.062	 5.235(A)	 0.050	
 
3.3.5. Correlation and multiple regression analyses 
Species richness and Shannon index were positively correlated with total daily radiation 
under the canopy, pH, and Cu and negatively correlated with LAI, DBH, basal area, and tree 
height (Fig 3.6). Overstory variables (height, DBH, basal area) were positively related with LAI 
and negatively correlated with pH and total daily radiation under the canopy. Among soil 
variables, Ca was positively correlated with C, Mg, and K and Cu was positively correlated with 
pH. Positive correlations were also found between N and C, K and Mg, and Na and Zn. 
Stepwise regression indicated significant influences of LAI (negative) and pH (positive) 
for species richness and Shannon richness index (Table 3.6). Potassium was a positive predictor 
for species richness, while tree height was a positive predictor for Shannon index. The variance 
explained by the model was 51% for both species richness and Shannon index. Multicollinearity 
was indicated by condition index values (>30) for each model except for Simpson inverse index, 
while tolerance and variance inflation factors failed to detect multicollinearity for any model, 
because their values were greater than 0.1 and less than 9, respectively (Belsley et al., 2005).  
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Fig. 3.6. Pearson correlation plot for species richness, Shannon index (H’), diameter at breast 
height (DBH), tree height, leaf area index (LAI), total daily radiation under the canopy (RAD), 
and soil variables. Upper diagonal denotes correlation magnitude, with correlations in blue 
(positive) and red (negative) tonalities. Lower diagonal denotes correlation coefficients (%).  
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Table 3.6. Multiple linear regression stepwise selection procedure, ANOVA table and parameter 
estimates for mean species richness and Shannon index (H’) (n=60). 
Model R2 
ANOVA table Parameter estimates 
Source DF F P-value Parameter Estimate SE P-value Tol. VIF CI 
Richness 0.51 Model 3 19.73 <.0001 Intercept -5.766 7.787 0.462 0 0 1 
  Error 56   LAI -3.084 0.766 0.000 0.625 1.601 3.992 
  Total 59   pH 3.779 1.470 0.013 0.626 1.596 6.026 
      K 0.102 0.044 0.023 0.992 1.008 51.721 	 	 	 	 	 	 	 	 	 	 	 	 	
H’ 0.51 Model 3 19.21 <.0001 Intercept -0.145 0.715 0.8402 0 0 1 
  Error 56   LAI -0.357 0.081 <.0001 0.407 2.458 3.875 
  Total 59   height 0.043 0.015 0.006 0.393 2.546 8.155 
      pH 0.481 0.133 0.0006 0.560 1.785 55.378 
SE = standard error, Tol. = tolerance, VIF = variance inflation factor, CI = condition index. 
 
3.3.6. Canonical discriminant analysis 
A total of 19 variables were initially included in the DCA. The stepwise discriminant 
analysis (SDA) procedure retained 6 variables (Table 3.7). The discriminant analysis yielded two 
significant functions (Can1 and Can2), which are the linear combination of the variables 
previously selected in the stepwise procedure. The total canonical structure identifies the degree 
of correlation, positive or negative, between the continuous variables and the two discriminant 
functions. Almost all the variables loaded on the first canonical axis, with LAI, height, and DBH 
negatively loaded, while species richness and pH positively loaded. Soil Zn loaded positively on 
the second axis. 
A canonical biplot was produced, showing the canonical scores for the groups defined by 
the term as points and the canonical structure coefficients as vectors from the origin (Fig. 3.7 and 
Table 3.7). The DCA offered an overview of the differences in the three plantation types: Can1 
clearly discriminated the plantation types in terms of overstory complexity (more complex 
overstory on the left side of the axis) and higher floristic richness and soil pH levels (right side of 
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the axis). The second canonical axis discriminated in terms of soil Zn, which increases towards 
the positive side (upper) of the axis. S13 plots were clearly separated from S08 and E13 in the 
first canonical axis, while the second axis separated E13 from the slash pine plots (no 
overlapping in the 95% confidence level ellipses were detected). 
 
Table 3.7. Variables retained (P ≤ 0.05) in the SDA. Total canonical structure indicates the 
correlation degree between the variables and the canonical functions, while canonical 
standardized coefficients represent the coefficients of the variables (standardized) in the linear 
combination.  
Step Variable Partial R2 Wilk’s l P-value 
Tot. can. structure Can. std coefficients 
Can1 Can2 Can1 Can2 
1 LAI 0.90 0.097 <.0001 -0.97 0.05 -0.89 -0.01 
2 Height 0.60 0.038 <.0001 -0.81 -0.47 -0.13 -2.05 
3 DBH 0.73 0.011 <.0001 -0.91 0.09 -0.36 1.94 
4 Richness 0.33 0.007 <.0001 0.74 -0.17 0.50 -0.13 
5 pH 0.15 0.006 <.0001 0.73 0.15 0.48 0.06 
6 Zn 0.13 0.005 <.0001 0.09 0.44 0.22 0.36 
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Fig. 3.7. Canonical plot for slash pine plantations planted in 2008 (S08) and 2013 (S13) and in 
Camden white gum plantations planted in 2013 (E13) in southwestern Louisiana. Multivariate 
mean for each group is denoted by a plus (+) marker. A 95% confidence level (inner) ellipse is 
plotted for each mean. If two groups differ significantly, the confidence ellipses do not overlap. 
A 95% contour (outer) is plotted for each group, indicating the region that contains 
approximately 95% of the observations. To facilitate the interpretation, rays are enlarged by a 
scaling factor of 5. Rays denote DBH, tree height, LAI, species richness, soil pH, and zinc 
content. 
 
3.4. DISCUSSION 
In the three years of this study, the fast growth rate of Camden white gum was able to 
modify habitat conditions, drifting the understory composition towards a situation similar to 
older slash pine, which was described by more developed overstory. These findings support the 
idea of negative effects of plantation age on understory species diversity as a consequence of 
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growth rate of the plantation species used (Cusack and Montagnini, 2004; Hartley, 2002). 
Overall understory species richness quantified by the rarefaction curves declined more rapidly in 
Camden white gum than in slash pine plantations, which are more common for the region, over 
the three years of this study. During the study, E13 understory vegetation richness went from 
being similar to that of S13 (2014), to intermediate between S13 and S08 (2015, 2016). The 
rapid changes in tree dimensions in Camden white gum likely produced a faster change in 
understory conditions and consequently a faster decrease in species richness. The substantial 
increase in Camden white gum height and corresponding decline in richness was likely promoted 
by the operational fertilization in November 2015, which likely led to the higher soil P 
concentrations of Camden white gum plantations. This management facet of the Camden white 
gum plantations may indicate that the understory changes observed in this study could occur 
more rapidly if such plantations are treated with more aggressive fertility management, as 
observed in Portugal where fertilization and harrowing practices decreased the understory 
species diversity in E. globulus plantations over 5 years (Carneiro et al., 2008). The confounding 
of operational fertilization with Camden white gum management in this study may also lead to 
different levels of contrast in understory condition development in similar studies if another 
fertilized plantation type were compared with fertilized eucalyptus plantations. 
It is noteworthy that plot-level richness analysis did not detect the shift in species 
richness in the Camden white gum plantations relative to slash pine plantation types consistent 
with that revealed by the rarefaction approach. Inconsistencies in species richness between the 
rarefaction and plot-level methods were observed in 2014 and 2015, and it is illustrative of the 
elusive nature of measuring species richness (May, 1988) and the relative sensitivity of 
rarefaction for detecting differences in richness (James and Rathbun, 1981). An inherent issue 
with species richness determination is that more species are recorded as sampling intensity 
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increases (Bunge and Fitzpatrick, 1993). Sampling equal-sized areas as done with plot-level 
richness determination ameliorates this issue, but as species sampling progresses fewer species 
are discovered. In addition, the order in which sampling units are added affects this accumulation 
of species detection, and variation in species detection accumulation arises from sampling error 
and from heterogeneity of sampling units (Colwell and Coddington, 1994). Rarefaction curves 
account for the increasing rarity of species detection during sampling through curve shape (with 
asymptotes substantiating sampling adequacy for richness characterization) and the arbitrary 
nature of species detection via randomization of sample accumulation order (Colwell, 2009; 
Gotelli and Colwell, 2001). As such, rarefaction was likely more sensitive than plot-level 
richness at detecting differences in richness, and both together provided a comprehensive view of 
the change in species richness.  
Species richness and Shannon index followed a similar pattern during the years and 
within plantation types. Camden white gum and same-age slash pine plantations may have been 
more conducive to higher understory species diversity than the older slash pine plantations 
because they had more recently had been clearcut-harvested and treated with vegetation 
suppression operations (burning with single applications of herbicide for slash pine, one year of 
near-complete vegetation suppression with herbicides for Camden white gum). After these 
harvesting and vegetation control operations, colonization of the sites with an array of species 
occurred. The older slash pine plantations had a longer time for canopy closure to affect 
understory species diversity. Camden white gum interestingly had similar understory species 
diversity (as measured by rarefaction) as same-age slash pine at the inception of this study, 
which was the year immediately following the cessation of operational herbicide treatments in 
those plantations; the slash pine plantations were treated with herbicides only once prior 
planting. The banded herbicide application in E13, done to constrain vegetation suppression 
  40 
costs, likely fostered colonization of species between tree rows that expanded once herbicide 
applications ceased.  
Richness (for rarefaction and plot-level methods) and Shannon index declined in all three 
plantation types in 2016 relative to the prior years. Timing of spring and fall floristic surveys was 
similar in all years, so species detection in the surveys was likely unaffected by survey timing. 
The spring portion of the 2016 assessment may have been affected by precipitation patterns. 
March 2016 had ~2.5 times greater precipitation than the long-term average for the region (Fig. 
2.2), which led to standing water in the flatwoods sites of this study. This standing water could 
have reduced vegetation germination in spring 2016. In prior years of the study, deviations from 
long-term precipitation patterns were not of the magnitude observed during the spring sampling 
period of 2016.  
As of the final year of this study, the plantation types were different primarily in 
understory species richness, overstory parameters (LAI, height, DBH), and soil pH and Zn, as 
evidenced by discriminant analysis results. Multiple regression indicated that LAI had a strong 
negative influence on understory vegetation richness and diversity, while soil pH had a positive 
influence on these parameters. Together these results suggest that LAI and soil pH had the 
strongest influences on understory richness and diversity in this study. 
Leaf area index was the dominant factor among the overstory and soil variables observed 
in this study influencing species richness and diversity. It had strong correlation with and was a 
robust predictor of species richness and diversity indices. Under-canopy radiation was also 
correlated with species richness and Shannon index, but it may have been eliminated in stepwise 
regression due to its high (94%) correlation with LAI. Moreover, both LAI and radiation values 
are mathematically calculated from gap fraction derived from hemispherical canopy pictures. 
Leaf area index has a strong effect on understory light regimes. Light regime is a key factor in 
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determining the microclimatic conditions of sites and associated plant communities (Parrotta, 
1995; Richardson et al., 1989). Several elements influence overstory transmittance, such as 
spatial arrangement of leaves, leaf size, and optical properties of leaves, which can be 
approximatively described by variables such as canopy closure or LAI (Barbier et al., 2008). In 
2016, Camden white gum height was greater than older slash pine, but its LAI was intermediate 
between same-age and older slash pine. Those findings suggested a canopy architecture of 
Camden white gum with less-dense foliage, which allowed more light for understory and 
correspondingly higher richness and diversity than older slash pine. Prior studies observed 
relationships between LAI and understory similar to findings of this study. Lemenih et al. (2004) 
identified a correlation between canopy characteristics of plantation stands and understory 
species richness, with species richness decreasing from open-canopy to closed-canopy 
plantations. A decrease in understory richness with increasing overstory LAI and basal area was 
observed in Eucalyptus saligna, Flindersia brayleyana, and Fraxinus uhde plantations in Hawaii 
(Harrington and Ewel, 1997). In a study conducted in six plantation types (Acacia mangium, 
Schima superba, Eucalyptus citriodora, Eucalyptus exserta, mixed-coniferous, and mixed native 
species plantations) in South China, light was the most important environmental factor 
influencing composition and structure of understory vegetation (Duan et al., 2010). Light was 
positively correlated with Shannon diversity indices (r = 0.4, p = 0.002) in the Duan et al. (2010) 
study; similar levels of correlation (r = 0.53) were observed between diversity indices and 
parameters associated with light (LAI and under-canopy radiation) in this study, further 
confirming the idea that light was one of the most influencing factors in determining understory 
species composition. 
Shade tolerant and partial shade tolerant species were observed more frequently in S08 
and E13 stands than in S13 stands, indicating a difference in light regimes among the plantations 
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associated with different vegetation. For instance, Carolina jessamine (Gelsemium sempervirens) 
was observed in more than 41-46.5% of the sampling quadrats in S08, 5-7% of the quadrats of 
E13, and nearly absent in S13 over the years observed. Similarly, yaupon holly (Ilex vomitoria), 
a perennial tree shrub, was observed in 6.5-11.5% of sampling quadrats in S08, 6.5-11% in E13, 
and 0-1.5% of S13 quadrats. The incidence of Japanese climbing fern (Lygodium japonicum), a 
non-native invasive, perennial, vine-like fern, was 8-10.5% in E13, 0.5-1.5% in S08, and 0-2% in 
S13, rising potential concerns on the diffusion of invasive non-native species. On the other hand, 
annual and perennial forbs and herbs typical of open-pine savannas and flatwoods, such as 
Agalinis filicaulis, Centaurium pulchellum, Lobelia puberula, Lobelia appendiculata, Polygala 
cruciata, Polygala cymosa, and Polygala mariana were nearly absent in S08 and E13 but present 
in S13, although with a low incidence rate over the three years. Based on E. benthamii having an 
intermediate level of light-shade preferring species over the course of this study, understory 
vegetation of eucalyptus sites may become more representative of plant communities in closed-
canopy forests, similar to older slash pine, where shade-tolerant woody perennial vines and 
shrubs are common. However, eucalyptus stands are harvested in very short rotations (3-7 years), 
which might prevent the reaching of fully closed-canopy conditions, with important implications 
on understory vegetation succession. Successional processes in understory vegetation (i.e. shifts 
from heliophilic species towards shade-tolerant species due to forest canopy closure over time) 
normally occur in plantations (although thinning affects this progression), and this process is 
profoundly linked to several ecosystem services and functions, such as nutrient cycling and 
faunal habitats (Brockerhoff et al., 2009; Carnus et al., 2006). Vegetation successional patterns 
under the different harvesting patterns of Camden white gum (which are clearcut on 7-10 year 
intervals) and slash pine (which are thinned two or three times within 30- to 35-year rotations) is 
an unexplored issue for future research. 
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Soil pH positively affected understory species richness and diversity in this study. Similar 
to findings of our study, Eycott et al. (2006) reported higher species richness in recently clear-
felled Pinus nigra and Pinus sylvestris stands, where soil pH was higher. Likewise, Hutchinson 
et al. (1999) reported a positive correlation between floristic richness and soil pH in oak forests 
in Ohio. Their results matched the condition of younger slash pine in this study, where both 
richness and pH were higher compared to older slash pine and eucalyptus stands. The higher pH 
of the S13 plantations was likely due to prescribed burning that preceded their establishment 
(Messick et al., 2018); no prescribed burning was conducted prior to Camden white gum 
establishment. The S08 stands also had prescribed burning prior to their establishment, but the 
time interval between burning and the years observed in our study was longer than that for S13 
plantations. Soil pH increases with heating (Certini, 2005); with temperatures > 450-500 °C, 
bases are released as a consequence of complete combustion of fuel (Arocena and Opio, 2003), 
and base saturation is enhanced (Macadam, 1987). Ulery et al. (1993) reported three-unit pH 
increases in topsoil immediately after burning in Q. engelmanii, P. ponderosa, and mixed conifer 
stands. Soil pH is a key factor in determining nutrient availability: macronutrients (N, P, K, Ca, 
S, and Mg), and various micronutrient (Cu, Fe, Mo, and B) deficiencies occur for pH values 
lower than 5-5.5 (Havlin et al., 2014). I hypothesize that higher pH values in same-age slash pine 
increased the availability of nutrients for understory, promoting higher richness and diversity. 
These findings highlight another facet of conversion to eucalyptus plantations on understory 
species richness; exclusion of fire from management in eucalyptus plantations can contribute to 
lower species richness. 
Soil K was a significant positive predictor in the species richness regression model, 
which indicates that understory vegetation may benefit of higher soil K levels. Janssens et al. 
(1998) determined that the number of species in grassland increased with increasing soil K 
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concentration up to 150-200 µg g-1 of soil (optimal levels for grass nutrition), which was tenfold 
higher than the K concentrations observed in this study. Higher soil K may have helped support 
the herbaceous species found in greater numbers in the S13 (62 genera/species) and E13 (65 
genera/species) plantations than in the S08 (40 genera/species) plantations. However, Crawley et 
al. (2005) reported no significant effect of K on species richness in Parkland Grass experiment, 
and Huston (1980) pointed out that forests with the greatest species richness were observed on 
sites with the lowest nutrient values, expressed as total bases (Ca, K, Mg and Na).  
 
3.5 CONCLUSION 
For the region in which this study was conducted, the conversion of slash pine sites to 
Camden white gum could lead to substantial species losses in an area where part of the native 
vegetation has been already compromised by the land-use change from longleaf savannas and 
woodlands to slash pine plantations. Species richness of Camden white gum understory 
decreased through the three years of this study to the point of becoming intermediate to same-age 
and similar-height slash pine plantations. Evidence suggests that those changes were triggered by 
rapid increases in Camden white gum tree dimensions, which increased LAI and reduced total 
daily radiation under the canopy. Fertilization of the Camden white gum plantations to promote 
tree growth likely accentuated this trend. Species richness was lower on acidic soils, and it was 
higher in less acidic same-age slash pine plantations that had been recently prescribed-burned. 
These results of the study may suggest that converting land use from slash pine to Camden white 
gum is associated with a relative decline in understory species richness, and exclusion of 
prescribed fire preceding this land use conversion may have accentuated this change in 
understory species richness. 
Further research is required to understand the effects of disturbances associated with 
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harvesting regimes of these plantations (with Camden white gum clearcut-harvested in 7- to 10-
year rotations and slash pine thinned twice then clearcut-harvested in a 30-year rotation) on 
understory species richness and diversity. Besides, changes in species richness and diversity can 
have functional consequences on ecosystem functionality, services, and processes connected to 
the understory, such as nutrient cycling or net primary productivity. These issues also merit 
further research. At present, Eucalyptus benthamii plantations are a relatively small component 
of the region in which this study was conducted. Expanded establishment of Eucalyptus 
benthamii plantations on sites formerly occupied by slash pine plantations could have 
implications at the landscape scale. Combining biodiversity maintenance and wood production at 
different spatial scales is a critical issue for forest managers (Carnus et al., 2006), and further 
research is needed for a better understanding of implications at larger spatial and longer temporal 
scales. 
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CHAPTER 4. UNDERSTORY VEGETATION FUNCTIONAL TRAITS 
AND DIVERSITYOF EUCALYPTUS BENTHAMII AND PINUS ELLIOTTII 
PLANTATIONS IN THE MID-SOUTH U.S. 
4.1. INTRODUCTION 
In the southeastern U.S. cold-tolerant eucalyptus species have been explored as short-
rotation pulpwood feedstock for paper mills that require hardwood fiber during wet periods, 
when harvesting operations are restricted to protect soil and water quality (Blazier et al., 2012). 
In the Western Gulf region, Camden white gum (Eucalyptus benthamii (Maiden & Cambage)) 
plantations have been established as a possible alternative source of hardwood fiber. These 
plantations have been established on sites where slash pine (Pinus elliottii) has been historically 
managed. 
The establishment of non-native forest plantations such as eucalyptus has prompted 
studies on the potential impacts of this land use conversion on native species richness and 
diversity (Brockerhoff et al., 2009), with contrasting results. Eucalyptus plantations showed 
lower species diversity than natural forests (Brockerhoff et al., 2013; Stallings, 1991), 
considering both woody species (Abiyu et al., 2011; Lemenih et al., 2004; Stephens and Wagner, 
2007; Tyynelä, 2001; Zhao et al., 2014) and understory species (Fork et al., 2015; Hua-Feng et 
al., 2011; YuanGuang et al., 2010; Zhang et al., 2014). On the other hand, eucalyptus plantations 
did not alter the understory species composition when established on barren lands (JianPing et 
al., 2015) and in comparison with native woodland (Bone et al., 1997), even showing higher 
(Lemenih et al., 2004; Michelsen et al., 1996) or similar (Geldenhuys, 1997) understory and 
woody species richness than other non-native species plantations. Understory vegetation 
accounts for about 4.7% of total aboveground biomass in the United States (Smith et al., 2013), 
influencing significant ecosystem properties – defined as an attribute that characterizes the 
ecosystem in terms of size, biodiversity, stability, organization, functions, and processes (Bastian 
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et al., 2012) such as net primary productivity and nutrient cycling (Gilliam, 2007; Mallik, 2003; 
Moore et al., 2007; Yarie, 1980) as well as wildlife diversity and abundance (Pardini et al., 2005; 
Russell et al., 2017). Ecosystems services (benefits that humans obtain from ecosystems to 
support their survival and quality of life) are dependent on ecosystem properties. Functional 
properties of an ecosystem can be estimated using functional traits, which are defined by Crisp 
and Cook (2012) as “morphological, physiological, or phenological heritable features measurable 
at individual level, from the cell to the whole organism, without references to the environment or 
any other level of organization”.  
The linkage between plant species diversity and ecosystem functionality is a 
controversial topic (Diaz and Cabido, 2001). Although there is consensus that changes in species 
richness and abundance have direct impacts on ecosystem structure in terms of community 
dynamics, causing a change in normal ecosystem functioning (Balvanera et al., 2006; Cardinale 
et al., 2011, 2006; Hooper et al., 2005; Isbell et al., 2011; Loreau, 2000), higher levels of 
biodiversity might not always correspond to superior ecosystem in terms of functions and 
services provided (Givnish, 1994; Grime, 1997).  
Ecosystem properties and services can be better understood via the plant functional traits 
that influence them (Díaz et al., 2007; Díaz et al., 2006; Hooper et al., 2005; Pla et al., 2011). 
According to the mass-ratio hypothesis, the most abundant species in systems have the strongest 
effects on ecosystem properties (Grime, 1998). The mass-ratio hypothesis states that dominant 
and some subordinate species are the determinants of ecosystem functions and properties 
because of their greater participation in processes such as photosynthesis, nutrient cycling, and 
hydrologic cycles. Moreover, a functional diversity approach can also be used as an indirect 
measure of resilience to changes or disturbance factors and for assessing levels redundancy in 
terms of ecosystem properties, functionality, and services. 
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 One of the ecosystem properties of understory involved in numerous ecosystem services 
(carbon sequestration, wildlife habitats, nutrient cycling) is total aboveground biomass (AGB), 
comprised of live understory shrubs, forbs, graminoids, and seedlings, excluding dead 
components of the understory such as woody debris and litter (Hudak et al., 2012).  
The relationship between functional traits and ecosystem properties has been studied for 
temperate grasslands in relation to productivity (Schwartz et al., 2000; Spehn et al., 2005; Tilman 
et al., 1996), and for forests in relation to carbon sequestration (Ruiz‐Jaen and Potvin, 2011), 
different management practices (Maeshiro et al., 2013), and land-use change to plantations 
(Bergès et al., 2017).  
There is a general lack of knowledge about the effects of land-use change to plantations 
on ecosystem properties and services in southern United States, and there is a specific need to 
address the effects of the transition from slash pine to E. benthamii on understory vegetation 
communities and ecosystem properties and services in southwestern Louisiana. In fact, only a 
few studies have been conducted in this area (see Chapter 3), which compared species richness 
and diversity of understory vegetation communities in eucalyptus plantations with those in native 
forest ecosystems in the United States, without addressing changes in functional traits nor in 
functional diversity. The main objective of this study was to explore understory vegetation 
functional diversity and functional traits in intensively-managed E. benthamii and slash pine 
plantations in southwestern Louisiana. Specifically, we wanted to address the following research 
questions: (1) How do understory functional traits and diversity vary among plantation types? (2) 
Are understory functional diversity indices and functional traits good predictors for understory 
AGB and understory vertical structure? 
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4.2. METHODS 
For details about site descriptions, experimental design, vegetation surveys, and overstory 
metrics refer to Chapter 2. 
 
4.2.1. Functional diversity indices and traits 
To calculate functional diversity indices we used both multi- and single-trait approaches, 
as described by Pla et al. (2011). The single-trait approach concerns the quantification of selected 
traits weighted to the relative species abundance to evaluate the contribution of each species on 
each trait. We used community weighted mean to represent the expected functional value of a 
single trait (Garnier et al., 2004). For the multi-trait approach we selected the framework 
proposed by Villéger et al. (2008), which included three functional diversity components: (1) 
functional richness (FRic), (2) functional evenness (FEve), and (3) functional divergence (FDiv). 
Functional richness indicates the trait functional space filled by a species assemblage, functional 
evenness represents the spacing regularity between species and trait functional space, while 
functional divergence quantifies the spread of trait values along the range of trait functional 
space (Mason et al., 2005; Pla et al., 2011). Functional evenness ranges between 0 and 1, 
approaching zero when functional distances among species are less-even or when abundances are 
less-evenly distributed among species. Functional divergence ranges between 0 and 1, 
approaching zero when highly-abundant species are distributed close to the center of gravity of 
the volume occupied and approaching one when highly-abundant species are distributed far away 
from the center of gravity. 
Understory functional traits were measured for the dominant species, defined as the 
species that collectively make up about 80% of cumulative relative site-abundance (Garnier et 
al., 2004; Pakeman, 2011; Pérez-Harguindeguy et al., 2013). In this study dominant species were 
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determined from the vegetation survey conducted in 2016, and functional traits were measured 
on reproductively mature, healthy-looking individuals of dominant understory species from each 
of the 15 sites (5 per plantation type) during July-August 2016, following the sampling 
guidelines described by Pérez-Harguindeguy et al. (2013). Specifically, we measured plant 
height (PLH, cm), leaf area (LA, cm2), specific leaf area (SLA, mm2 m g−1), and leaf nitrogen 
content (LNC, %). These traits were selected according to their relationship with aboveground 
biomass and vertical structure. These traits were found to be correlated with primary productivity 
through growth rate (plant height, leaf dry weight, leaf N concentration), C fixation (leaf area, 
SLA, leaf N concentration), and instantaneous photosynthetic rate (leaf area, SLA, leaf N 
concentration) (Da S. Pontes et al., 2007; Garnier et al., 2004; Lavorel and Garnier, 2002). 
 We measured plant height on 10 individuals per site for each dominant species, while leaf 
traits were measured on 5 replicates (leaves) from 5 individuals per site for each dominant 
species. LA was measured by scanning the leaves and analyzing the images with Image J 
(Abràmoff et al., 2004; Rasband, 2005), SLA was calculated using leaf area divided by leaf dry 
mass (air-dried at 20°C for 72 hours). The air-dried leaves were then ground and sent to the LSU 
AG Center Soil Testing & Plant Analysis Lab 
(http://www.lsuagcenter.com/portals/our_offices/departments/spess/servicelabs/soil_testing_lab) 
for measuring the LNC using a LECO CN dry combustion analyzer (Dumas method). 
 
4.2.2. Understory vertical structure and aboveground biomass 
Understory herbaceous vegetation vertical structure was measured using a profile board 
similar to that described by Nudds (1977). The board was about 2.00 m high, composed of two 
separable 1.00 m sections that were about 30.53 cm wide, and it was made of 1.00 cm-thick 
plywood. It was marked in alternate colors, blue and red, at 50 cm intervals. Metal spikes 
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attached to the lower end of the board were placed to hold the board upright in the ground. In 
September 2016 the board was set in the ground and read at a distance of 15 m in a randomly-
chosen direction from the board. The proportion of each 50-cm interval covered by vegetation 
(COV1 corresponded to 0-50 cm, COV2 to 51-100 cm, COV3 to 101-150 cm, and COV4 to 151-
200 cm) was noted as a single digit "density score", which corresponded to the mean value of a 
range of quintiles (i.e., 1 corresponded to 0-20%, 2 to the 21-40%, and so on). The board was 
placed in the mid-section of each plot (one reading per plot); the vertical structure sampling point 
corresponded to the central vegetation survey sampling point for each plot. 
In tandem with the September 2016 vertical structure sampling, understory biomass was 
collected. Understory herbaceous vegetation biomass was clipped within a 1-m2 quadrat and 
collected in five quadrats per plot; these biomass sampling points were the odd-numbered 
sampling points of the vegetation survey. Biomass clippings were oven-dried (104° C) until 
constant weight, then the weight was recorded. 
 
4.2.3. Data analysis 
 Functional diversity indices calculations were described extensively by Pla et al. (2011) 
and Mason et al. (2005). For functional indices calculation, traits values were standardized to 
have zero mean and unit variance to avoid scale effect assigning more importance to traits with 
higher variance values (Pla et al., 2011). Community weighted mean (CWM) was calculated for 
each functional trait through the following equation: 
-./ =	%1'2'3'+,  
where S is the total number of species, wi is the relative abundance of the ith species, and xi is the 
trait value of the ith species in the assemblage (Díaz et al., 2007; Garnier et al., 2004; Pla et al., 
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2011). Relative abundances of the species were listed in Appendix B. FDiversity software (Di 
Rienzo et al., 2008) was used to calculate functional diversity indices and CWM values of each 
trait. 
Understory vegetation data collected during the vegetation surveys were used to compute 
species richness and Shannon index (H’) (Jost, 2007, 2006; Lee-Ann and Martin, 2010; 
Magurran, 2004). The analyses of these community diversity indices were reported in Chapter 3; 
their values (averaged by site to be on equivalent basis of the functional diversity sampling) are 
included in this component of the study to explore relationships between them and functional 
diversity parameters. To test for differences in CWMs of functional traits, functional diversity 
indices, understory AGB and vertical structure, overstory metrics, LAI, and total daily radiation 
under the canopy, analyses of variance (ANOVA) at α=0.05 were conducted using the GLM 
procedure in SAS 9.4 (SAS Institute Inc., 2002–03); means separations were performed using 
Tukey’s honest significant difference test when ANOVA revealed significant effects. To explore 
possible relationships between understory community functional traits, species composition 
(species richness, Shannon richness index), and variables related to forest structural conditions 
(LAI, daily total radiation under canopy, tree DBH, height, basal area, and stem density), we 
determined Pearson’s correlation coefficients (r) (CORR procedure SAS 9.4). 
Multiple linear regression analysis (REG procedure of SAS 9.4) was performed at α=0.05 
to explore the influence of understory functional traits, functional and diversity indices, and the 
other variables (overstory metrics, LAI, and daily radiation under the canopy) on AGB and 
Nudd’s board coverage scores. Multicollinearity of independent variables was assessed using 
variance inflation factor, eigensystem analysis of correlation matrix, and condition index. 
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4.3. RESULTS 
4.3.1. Understory functional diversity indices, traits, vertical structure and aboveground 
biomass 
No differences were detected in FRic, FEve, and FDiv, while CWMs of plant height, leaf 
area, and leaf nitrogen concentration differed among plantation types (Table 4.1). CWM of plant 
height was greater in E13 than in S13, but similar to that of S08 plantations. CMW of leaf area 
was greater in E13 and S08 rather than in S13, while CWM of leaf N concentration was greatest 
in E13, intermediate in S08, and smallest in S13. 
Differences among plantation types were found in understory aboveground biomass and 
vertical structure (Table 4.1). Higher levels of aboveground biomass were measured in S13 and 
E13 plantation types than in S08 plantations. S13 and E13 plantations had higher vegetation 
density scores than S08 in the third interval (COV3, 101-150 cm), while no differences were 
detected for the other layers. Differences in species richness, diversity indices, overstory 
characteristics, LAI, and total daily radiation under the canopy were previously reported in 
Chapter 3. 
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Table 4.1. Site-based means and standard errors of them mean (SEM) for functional diversity 
indices (FRich, FEve, FDiv), CWMs of functional traits, understory aboveground biomass 
(AGB), and Nudd’s board coverage intervals (COV1-COV4) in 2008 (S08) and 2013 (S13) slash 
pine plantations, and in Camden white gum plantations planted in 2013 (E13) observed in 
southwestern Louisiana in 2016 (n=15). 
Variable 
E13 S08 S13 
F  P-value 
Mean SEM Mean SEM Mean SEM 
FRich 0.07 0.05 0.06 0.03 0.10 0.08 0.15 0.8621 
FEve 0.77 0.03 0.65 0.08 0.73 0.04 1.21 0.3329 
FDiv 0.78 0.02 0.68 0.05 0.78 0.03 2.73 0.1052 
CWM PLH (cm) 81.63(A) 8.52 66.02(AB) 3.56 54.54(B) 3.51 5.69 0.0183 
CWM LA (cm2) 13.56(A) 1.44 9.98(A) 1.06 4.68(B) 0.52 17.17 0.0003 
CWM SLA (mm2 mg-1) 22.41 1.52 27.28 10.04 13.95 0.67 1.32 0.3035 
CWM LNC (%), 2.20(A) 0.13 1.85(B) 0.06 1.37(C) 0.05 22.85 <.0001 
AGB (Mg ha-1) 0.53(A) 0.06 0.21(B) 0.03 0.68(A) 0.10 11.71 0.0015 
COV1 4 0.01 3 0.24 4 0.20 2.80 0.1005 
COV2 3 0.37 2 0.32 3 0.45 2.82 0.0992 
COV3 3(A) 0.20 1(B) 0.24 2(B) 0.40 6.62 0.0116 
COV4 2 0.32 1 0.20 1 0.20 3.56 0.0613 
*Model DF = 2, Error DF = 12, and Total DF = 14. 
 
4.3.2. Correlation analysis and multiple linear regression 
 Correlations were observed among several of the parameters (Fig. 4.1). Functional 
evenness was negatively correlated with CWM of specific leaf area, while no correlations were 
detected for functional richness and functional divergence with any of the other variables of the 
dataset. CMW of specific leaf area was negatively correlated with Shannon index, CMW of leaf 
area was positively correlated with CMW of leaf N concentration and tree height and negatively 
correlated with total daily radiation under the canopy. CWM of leaf N concentration was 
negatively correlated with total daily radiation under the canopy and positively correlated with 
DBH and tree height. Aboveground understory biomass was positively correlated with total daily 
radiation under the canopy, species richness, and Shannon index and negatively correlated with 
basal area and LAI. Nudd’s board coverage scores were positively correlated between each 
  61 
other, and the third and the fourth layers were positively correlated with CMW of plant height 
and leaf area.  
 
 
Fig. 4.1. Pearson correlation plot for functional richness (FRic), evenness (FEve), divergence 
(FDiv), CWMs of understory plant height (PLH), leaf area (LA), specific leaf area (SLA), leaf N 
concentration (LNC), understory aboveground biomass (AGB), Nudd’s board coverage scores 
(COV1-4), species richness (Rich), Shannon index (H’), leaf area index (LAI), total daily 
radiation under the canopy (RAD), diameter at breast high (DBH), and tree height (height). 
Upper diagonal denotes correlation magnitude, with correlations in blue (positive) and red 
(negative) tonalities. Lower diagonal denotes correlation coefficients (%). 
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Stepwise multiple regression model details are reported in Table 4.2. Basal area was the 
only significant predictor for the aboveground biomass model, having a negative effect; the 
model explained 58% of the variance in the dataset. The density of the first Nudd’s board 
coverage layer did not contain any predictor (intercept only model). The model for the density of 
the second Nudd’s board coverage layer specified basal area as a predictor, with a negative 
effect; the model explained 31% of the variance in the dataset. In the model for the density of the 
third Nudd’s board coverage layer, CWMs of plant height and leaf area (both positive effect), 
functional evenness (negative effect), and species richness (positive effect) were identified as 
predictors; the model explained 82% of the variance in the dataset. Lastly, CMW of plant height 
was selected as independent variable in the model predicting the density of the fourth Nudd’s 
board coverage layer, with a positive effect; the proportion of the variance explained by the 
model was 35%. Condition index, tolerance, and variance inflation factors failed to detect 
multicollinearity for any model, because their values were less than 30, greater than 0.1, and less 
than 9, respectively (Belsley et al., 2005). 
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Table 4.2. Multiple linear regression stepwise selection procedure, ANOVA table and parameter 
estimates for AGB and COV1-4 including all variables as explanatory factors (full models) 
(n=15). 
Model R2 
ANOVA table Parameter estimates 
Step Source DF F P-value Parameter Estimate SE P-value Tol. VIF CI 
AGB 0.58 1 Model 1 17.96 0.0010 Intercept 0.722 0.073 <.0001 . 0 1 
   Error 13   BA -0.031 0.737 0.001 1 1 3.061 
   Total 14          
              
COV1* . . . . . . . . . . . . . 
              
COV2 0.31 1 Model 2 6.30 0.0261 Intercept 4.440 0.363 <.0001 . 0 1 
  2 Error 13   BA -0.088 0.036 0.0311 1 1 3.061 
   Total 14          
              
COV3 0.82 1 Model 4 11.66 0.0009 Intercept -1.546 0.903 0.1180 . 0 1 
  2 Error 10   CWM PLH 0.029 0.008 0.0064 0.726 1.378 4.897 
  3 Total 14   CWM LA 0.124 0.032 0.0031 0.695 1.439 10.089 
       FEve -2.600 1.505 0.0334 0.784 1.276 14.488 
       Rich 0.191 0.040 0.0008 0.648 1.543 20.010 	 	 	 	 	 	 	 	 	 	 	 	 	 	
COV4 0.35 1 Model 1 7.16 0.0191 Intercept -0.093 0.599 0.8785 . 0 1 
   Error 13   CWM PLH 0.023 0.009 0.0191 1 1 8.586 
   Total 14          
R2 = model R2, Cum. R2 = cumulative R2, SE = standard error, Tol. = tolerance, VIF = variance inflation factor, CI = 
condition index. The asterisk denotes an intercept only model. 
 
4.4. DISCUSSION 
Functional diversity results revealed similarities in (1) the amount (functional richness), 
(2) regularities of spacing and evenness of species distribution between species in the traits space 
(functional evenness), and (3) the dispersion of trait values along the range of trait space 
(functional divergence). Together these results suggest that understory communities were 
relatively resilient in the trait space (a synthesis of understory plant height, leaf area, specific leaf 
area, and leaf N) in response to the land-use change of slash pine plantations to Camden white 
gum within the timeframe observed in this study. Moreover, the decline in taxonomic species 
richness and evenness observed in Chapter 3 was not coupled with a decrease in functional 
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richness. A positive relationship between taxonomic and functional richness was shown by 
Villéger et al. (2008), using data generated by artificial communities. Further evidence of the 
direct relationships (both linear and non-linear) between taxonomic and functional richness were 
found in riparian and upland habitats in Ontario (Biswas and Mallik, 2011, 2010), in Mongolian 
rangelands, (Sasaki et al., 2009), and in agricultural lands of United States and Costa Rica (Flynn 
et al., 2009). 
The strength of the association between taxonomic and functional richness is expected to 
decay with the number of species, becoming asymptotical due to functional redundancy (Petchey 
and Gaston, 2002). The lack of linear relationship between functional richness and species 
richness in this study may suggest a possible case of functional redundancy, indicating different 
species occupying similar functional niches for the trait space defined by functional richness. 
Therefore, species with similar traits likely supported similar functions in the different plantation 
types of this study. 
Functional redundancy promotes a degree of resilience, defined as the ability of a 
community to return to a previous state of stability in terms of ecosystem properties after 
changing due to a disturbance, which is different from resistance, or the ability of a community 
to avoid the change (Carpenter et al., 2001; Harrison, 1979). Similar functional richness values in 
this study indicated a resilience to the land-use change from slash pine to eucalyptus, as can be 
deduced from the sharing of particular species across the plantation types, among the dominant 
species. In particular, the three plantations shared little blue stem (S. scoparium), woolly rosette 
grass (D. scabrisculum), Virginia buttonweed (D. virginiana), southern dewberry (R. trivialis), 
roundleaf thoroughwort (E. rotundifolium), swamp sunflower (H. angustifolius), and cat 
greenbrier (S. glauca) (see Appendix B). These species seemed to adopt a generalist strategy, 
which led to an overlap in the functional niches and saturation of the functional trait space 
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(Rosenfeld, 2002), as highlighted by the lack of differences in functional diversity indices among 
the plantations. 
Differences in understory plant height, leaf area, and leaf nitrogen content suggested 
different adaptation strategies in response to changes in the environments of the plantations. 
Taller understory with larger leaf area was observed in Camden white gum and older slash pine, 
where light conditions were lower than in same-age slash pine. These habitat conditions may 
have led to taller understory in response to competition for radiation with overstory and larger 
leaves to facilitate the radial harvesting of radiation. Leaf size can range from values less than 1 
mm2 to more than 2 m2 (data retrieved from TRY traits database, accessed on 21 October 2018: 
http://www.try-db.org), and various explanations have been provided to explain this conspicuous 
variation. Leaf size can be the product of adaptation to environmental conditions to maintain 
optimal levels of leaf temperature and photosynthetic and water-use efficiencies (Givnish and 
Vermeij, 1976). Therefore, a small leaf area denotes an adaptation to higher temperatures and 
higher levels of solar radiation, or nutrient deficiency (Niinemets et al., 2007; Westoby, 1998); 
same-age slash pine, which was characterized by higher total daily radiation than the other 
plantation types, also had lowest leaf area.  
Taller understory, larger leaves, higher concentration of foliar N, and greater understory 
aboveground biomass in Camden white gum suggested a fast-growing strategy (Chai et al., 2015; 
Ivanova et al., 2018; Spasojevic and Suding, 2012). However, operational fertilization of the 
eucalyptus sites also likely increased these traits. Generally fertilization has a positive effect on 
understory vegetation, increasing its biomass except when the overstory is too dense to allow a 
response (Binkley and Fisher, 2013). Increases of leaf N content in the understory as a 
consequence of fertilization were similarly reported in red pine (Rainey et al., 1999), Eucalyptus 
saligna (Frew et al., 2013) plantations, and Douglas-fir stands (Footen et al., 2009). 
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Despite similar values of vegetation densities observed in most of the height increments, 
Camden white gum understory was found denser in the 101-150 cm height layer. This trend may 
be due to the combined effects of competition with trees for light, taller understory with larger 
leaves, intermediate light conditions, and higher levels of aboveground biomass of the Camden 
white gum plantations. In addition, fertilization likely affected understory vertical density; 
several authors reported increased understory coverage subsequent to fertilizer applications 
(Haywood, 2012; VanderSchaaf, 2008). Nitrogen addition, in concurrence with light availability, 
increased the coverage and the dominance of Rubus spp. in the herbaceous layer in a 40 year-old 
stand in Central Appalachia, USA (Walter et al., 2016). Similar conditions were observed in the 
eucalyptus sites in this study, where vegetation had higher leaf N and southern dewberry (Rubus 
trivialis) was one of the dominant species. 
Functional traits and diversity indices failed to explain understory aboveground biomass, 
which was predicted by overstory basal area, with a negative relationship. In contrast, several 
studies have found plant functional traits directly related with aboveground biomass and 
aboveground net primary productivity. In grasslands, a positive relationship was found between 
aboveground biomass and specific leaf area, leaf dry matter content, plant height, and specific 
root area (Chanteloup and Bonis, 2013; Roscher et al., 2013; Zhang et al., 2017). In pastures, 
Mason et al. (2016) found ryegrass pastures productivity to be positively predicted by specific 
leaf area and leaf thickness and negatively by leaf dry matter content; tall fescue productivity 
was positively predicted by leaf dry matter content, and negatively by specific leaf area and leaf 
thickness. In meadows, leaf N concentration and specific leaf area were positive predictors of 
aboveground biomass (Doležal et al., 2011; Li et al., 2018). Interestingly, in a study in forests 
Finegan et al. (2015) found understory aboveground biomass rate to be positively predicted 
specific leaf area of the understory and by tree height. The finding of Finegan et al. (2015) that 
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tree height was an understory biomass predictor is similar to the finding in this study that basal 
area was significant predictor of understory biomass. It is likely that in forests, and particularly 
in plantations, that tree traits can be linked with the mass-ratio hypothesis because it accounts for 
the greatest proportion of the overall biomass, acting as dominant determinants of ecosystem 
properties, such as understory vegetation aboveground biomass and vertical structure. 
The importance of canopy characteristics as factors influencing the understory 
herbaceous layer in forests because of its influences on light regimes was emphasized by Bratton 
(1976). Forest understory vegetation biomass decreased as a consequence of reduced light 
availability as overstory canopy coverage and leaf area increased (Del Rio and Berg, 1979; Hale, 
2003). The relationship between basal area and canopy coverage was explored in several cases 
(Buckley et al., 1999; Cade, 1997; Halpern and Lutz, 2013; Jameson, 1967; Mitchell and 
Popovich, 1997; Parker, 2014), indicating a positive relationship between these parameters. 
Those studies were in line with this study, where overstory basal area was a significant negative 
predictor for understory aboveground biomass and vegetation density at 51-100 cm layer 
(COV2). Similar findings were observed in different eucalyptus woodlands of Central 
Queensland (Australia), where herbaceous layer biomass was negatively correlated with basal 
area of the overstory (Scanlan and Burrows, 1990). Neither LAI nor total daily radiation under 
the canopy were found as predictors for aboveground biomass or density scores in this study, 
despite their importance in determining growth and characteristics of understory vegetation 
communities. Their exclusion as predictors may be due to the fact that both LAI and radiation 
are derived from hemispherical photography, and they may lack of species-specific conversion 
factors. 
Some of the functional traits were important determinants of understory vertical structure, 
as evidenced by the regression models. The role of species richness and CWMs for plant height 
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and leaf area may have been related to competition with overstory, foliar adaptation to light 
regimes, and the effects of fertilization in eucalyptus plantations. Foliage height diversity and 
percent vegetation cover were important characteristics in determining avian species diversity 
(Karr and Roth, 1971), which increased as vertical heterogeneity increased (Rotenberry and 
Wiens, 1980). Understory vegetation vertical structure also influenced arthropod abundance, 
diversity, abundance, and size distribution (de Souza and de Souza Módena, 2004), since it is 
related to prey abundance, availability of refuges from predators and favorable microclimate 
conditions (Gunnarsson, 1990; Halaj et al., 1998). In a study conducted on the same sites, similar 
levels of family richness, biodiversity, and biomass were observed in the three plantations for 
terrestrial arthropods, while arboreal arthropods were least abundant in eucalyptus sites. Those 
findings indicated that insectivorous fauna may be able to feed effectively in eucalyptus 
plantations, at least during the early stages of rotation (Messick et al., 2018), The higher 
vegetation density found in Camden white gum in the layer comprised between 101-150 cm 
might increase their habitability and food source opportunities for insectivorous fauna.  
 
4.5. CONCLUSIONS 
This study was conducted in an area where natural habitats and native vegetation have 
been already modified by the land-use change from longleaf savannas and woodlands to slash 
pine plantations. The conversion of slash pine sites to Camden white gum did not reveal 
substantial changes in ecosystem functional attributes (functional indices and traits) and 
properties (understory aboveground biomass and vertical structure), maintaining the trend 
initiated by slash pine plantations.  
Differences were found in some understory vegetation traits (understory plant height, leaf 
area, and leaf N concentration), but no differences were found in functional indices (richness, 
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evenness, and divergence) between Camden white gum and slash pine plantations. These results 
together indicated resilience to the land-use change from slash pine to Camden white gum. The 
functional indices and traits observed in this study were selected because of their potential to 
govern understory aboveground biomass and vertical structure, and the lack of differences in 
functional indices suggested functional redundancy of the dominant understory species of these 
plantations in determining selected understory characteristics. 
In particular, understory aboveground biomass was controlled by basal area rather than 
by any of the functional indices or traits observed. The dominant influence of overstory on 
understory biomass was likely due to this comparison occurring between plantations rather than 
mixed-age and/or mixed-tree species forests. On the other hand, vegetation vertical structure was 
controlled by understory plant height, leaf area, and functional evenness. The Camden white gum 
plantations were relatively vertically heterogeneous, which could influence the animal fauna they 
could support. However, further study over longer time periods, possibly with supplementary 
traits relative to complementary understory characteristics, will be necessary to more 
comprehensively understand whether these plantation types have longer-term similarity in 
functional diversity associated with understory biomass productivity.  
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CHAPTER 5. UNDERSTORY VEGETATION COMMUNITIES AS 
STRUCTURED BY OVERSTORY, CANOPY, AND SOILS IN 
EUCALYPTUS BENTHAMII AND PINUS ELLIOTTII PLANTATIONS IN 
SOUTHWESTERN LOUISIANA 
5.1. INTRODUCTION 
The diffusion of forestry plantations has raised concerns in terms of biodiversity, 
becoming a major issue between foresters and conservationists (Calviño-Cancela et al., 2012). In 
particular, the ability of plantations to develop ecological characteristics comparable to natural 
ecosystems has been one of the main research topics in forestry (Aubin et al., 2008). Eucalyptus 
plantations may increase local biodiversity by offering regeneration sites for native plant species 
from adjacent ecosystems (Brockerhoff et al., 2008). In a study conducted on degraded Ethiopian 
highlands, about 83% of woody species found in the adjacent natural forests were also found in 
the E. globulus plantation understory (Yirdaw and Luukkanen, 2003). E. urophylla x E. grandis 
plantations did not alter the understory richness when the plantations were established on clear-
cut Chinese fir (JianPing et al., 2015), E. camaldulensis plantations established on degraded land 
in Malawi had similar herbaceous species composition relative to nearby woodlands (Bone et al., 
1997), and E. globulus, E. grandis, and E. saligna plantations established in Ethiopian highlands 
had similar species richness and composition when compared to local natural forests (Michelsen 
et al., 1996). In South Africa, a large number of native forest species were found in the 
understory of E. grandis stands in the proximity of the forest edge (Geldenhuys, 1997). In 
Congo, E. alba × E. urophylla plantations were generally intermediate between savanna and 
forest, indicating plantation age, density, and proximity to a natural forest stand as factors that 
favor increasing floristic diversity and development towards native secondary forest (Loumeto 
and Huttel, 1997).  
In southwestern Louisiana and southeastern Texas, Camden white gum (Eucalyptus 
benthamii) was established on over 4,000 ha (Hart et al., 2016) on sites formerly occupied by 
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loblolly (Pinus taeda) and slash pine (Pinus elliottii) plantations (Blazier et al., 2012). Camden 
white gum plantations rely on intensive management practices that are often detrimental for 
native understory species conservation, such as heavy mechanical and chemical site preparation, 
pre- and post-emergence, and yearly herbicide applications, multiple fertilization, and clear-cut 
harvesting often with short rotations. 
Generally, non-native plantations support less species compared to the natural ecosystem 
they have replaced (Tyynelä, 2001). Native species plantations seemed to mimic natural forest 
conditions, so they are able to support more biodiversity compared to non-native plantations 
(Aubin et al., 2008). Therefore, the understory habitat provided by slash pine plantations in 
southwestern Louisiana could be more ecologically similar to that provided by native longleaf 
pine savannas and woodlands, suggesting a potential negative effect for understory species in the 
land-use change towards eucalyptus. Moreover, the short rotation length in Camden white gum 
(as little as 5-10 years for compared to 25-35 for slash pine – see Chapter 1), may negatively 
influence the establishment of native understory species, since the length of rotation has been 
broadly advocated to promote native species diversity in plantations (Humphrey, 2005).  
To evaluate the impact of Camden white gum on understory vegetation, it is necessary to 
understand its impacts on the understory habitat, specifically on light availability and soil 
characteristics (Barbier et al., 2008). Understory light is closely related to the canopy structure, 
and its influence on air temperature and humidity makes it a synthetic factor grouping 
microclimatic variations (Barkman, 1992). Canopy properties, such as spatial arrangement of the 
leaves (Horn, 1971) and leaf size (Barkman, 1992), influence light transmittance to understory; 
those properties can be approximately described using leaf area index (LAI). Differences in 
topsoil characteristics can trigger differences in understory species composition and diversity 
(Barbier et al., 2008). Different species have different requirements in terms of soil nutrient 
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contents and pH (Wherry, 1927), and understory species composition is often used as an 
indicator of site acidity (Barbier et al., 2008). With regards to soil reaction, it is commonly 
accepted that topsoil in conifer stands is more acidic than in hardwoods, but this generalization is 
sometimes wrong in case of eucalyptus species, which were found to lower soil pH (Rhoades and 
Binkley, 1996; Temesgen et al., 2016) 
Although the understory vegetation was analyzed in terms of species composition, 
functional traits, and diversity in the previous chapters, the relationships between understory 
vegetation communities, overstory, canopy, and soil variables have not been studied in detail. 
Without such knowledge, the impacts of converting slash pine to eucalyptus on biodiversity and 
ecosystem services cannot be fully understood, and management guidelines for sustainable 
plantations cannot be properly developed. The main goal of this study was, thus, to explore the 
relationships between understory vegetation communities of Camden white gum and slash pine 
plantations and the physical and biological gradients related to overstory, canopy, and soil 
characteristics. Specifically, we aimed to answer the following research questions: (1) How were 
understory vegetation communities organized in Camden white gum, same-age, and older slash 
pine plantations? (2) How is the composition of understory vegetation controlled by overstory 
dimensions, canopy complexity, and soil characteristics? 
 
5.2. METHODS 
 Information about study locations, experimental design, floristic surveys, and soil and 
overstory sampling are provided in Chapter 2, while respective data analysis and results are 
reported in Chapter 3. 
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5.2.1. Data analysis 
 To analyze changes in understory species composition in relation to plantation types, we 
performed nonmetric multidimensional scaling (NMDS) using Bray-Curtis measure of 
dissimilarity (Bray and Curtis, 1957) for years 2014-2016. NMDS is a suitable method for 
analyzing ecological data (Kenkel and Orlóci, 1986; McCune et al., 2002; Minchin, 1987a, 
1987b), and when associated with Bray-Curtis dissimilarity has been determined to be a robust 
and effective ordination compared to other methods, such as principal components analysis or 
correspondence analysis, especially in case of lack of linear or symmetric unimodal fitting of 
species responses to ecological gradients (Minchin, 1987a, 1987b). Bray-Curtis dissimilarity is a 
non-metric method for measuring distance between samples that is well-suited for ecological 
data collected at different sampling locations (Legendre and Legendre, 2012a). The Bray-Curtis 
dissimilarity is given by the following equation: 
4-'5 = 1 − 2-'58' + 85 
 
Where i and j represent two sites, S represents the species abundance, and Cij is the sum of only 
the lesser abundance for each species found in both site. Legendre and Legendre (2012b) defined 
NMDS as an unconstrained method based only on vegetation dissimilarities, representing data in 
a few dimensions so that distances in the ordination reflect the similarities between sampling 
sites. NMDS focuses on the representation of the objects in a small and specified number of 
dimensions (usually 2-3) rather than the exact preservation of the distances among objects. 
Therefore, the goal is to plot dissimilar objects far apart in the ordination space and similar 
objects close to one another, preserving the ordering relationships among objects.  
A useful way to evaluate the suitability of an NMDS is provided by the Shepard diagram, 
which compares for a given distance matrix Dh,i the fitted distances :;,' to the empirical 
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distances Dh,i and regresses :;,' on Dh,i, giving the forecasted distances :=;,'. Two type of 
regressions are considered, linear and monotone (nonparametric). A monotone regression can be 
considered as linear regression executed after monotonic transformation that maximizes the 
linear relationship between Dh,i and :;,', fitted by least squares. An objective function (stress) is 
also used to assess the goodness of fit of NMDS. Stress is defined by the following equation: 
8>?@AA = B∑ D:;,' − :=;,'EF;,'∑ D:;,' − :̅;,'EF;,'  
 
Where :̅;,' are the mean distance values. Stress values around 0.1 are generally considered good, 
while values less than 0.05 are considered excellent (Clarke, 1993). Increasing the number of 
dimensions typically leads to lower values of stress and better fits. However, it can be very 
difficult to interpret if stress values are more than 2 or 3 due to the unconstrained nature of axes. 
For this reason, both stress value and number of interpretable dimensions were considered in 
selecting the number of dimensions. 
 The vegan package (Oksanen et al., 2018) in R version 3.5.1 (R Core Team, 2018) was 
used to compute NMDS through the metaMDS() function, using stress values and Shepard plots 
of the ordination distances against original dissimilarities to find a convergent solution 
(Haeussler et al., 2017). The function metaMDS() performs NMDS according to the criteria and 
recommendations specified by Minchin (1987a, 1987b), correcting the indeterminacy of scaling 
and orientation of axes through (1) moving the origin to the average of the axes, and (2) rotating 
the configuration using principal components so the variance of points is maximized on first 
dimension (Oksanen et al., 2018). The rotation assures that the first NMDS axis lies along the 
direction of maximum scatter among the objects, minimizing their overlapping and improving 
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the visualization. NMDS is suited to gradient analysis when the patterns in ordination 
corroborate existing knowledge or a hypothesis. A gradient analysis investigates relationships 
between ordination and environmental variables by correlating the ordination scores with those 
variables. Through gradient analysis it is often possible to interpret ordination using ecological 
variables. One of the most commonly used methods such an analysis is to fit environmental 
vectors onto ordination. The fitted arrows foster identification of (1) the direction of the gradient, 
defined as the direction of most rapid change in the environmental variable and represented by 
the direction pointed by the arrow of the environmental vector; and (2) the strength of the 
gradient, which is given by the length of the arrow (proportional to the correlation between 
ordination and environmental variable). 
The function “envfit()” of the vegan package was used to fit environmental vectors 
related to overstory (DBH, tree height, and basal area), canopy (LAI and total daily radiation 
under the canopy), and soil (nutrients and pH – see Chapter 3) onto an ordination. However, 
overstory and soil variables were only available for 2016, which constrained their analyses for 
the last year of the study. Permutations were used to assess the relationships between ordination 
and environmental variables described in the previous Chapters. The degree of fit (R2) between 
environmental variables and NMDS axes were determined by 999 permutations generated by 
repeatedly shuffling the actual data (Oksanen et al., 2018). Furthermore, linearity of the 
assemblage–environment relationships was investigated by adding thin-plate surfaces fitted onto 
the NMDS ordination using penalized splines (Wood 2003) with the ordisurf() function of the 
vegan package. 
In the case of two NMDS axes, envfit() fits the following regression model (ter Braak, 
1995): H = I,2, + IF2F + J 
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where y is the environmental variable, bi is the slope coefficient relative to the ith NMDS axis, xi 
represents the ith NMDS axis scores, and ε is the unexplained variance. The model has no 
intercept because both y and xi are centered prior to fitting the model. The permutation test 
permutes the values of the response y into random order. The randomized response data are then 
predicted through the fitted regression model and the R2 between the randomized response and 
the fitted values from the model is computed. The R2 value is recorded and then the procedure is 
repeated with a different random permutation for a predetermined number of times. Under the 
null hypothesis of no relationship between the ordination axes scores and the environmental 
variable, the observed R2 value should be a common value among the permuted R2 values. If 
however the observed R2 is extreme relative to the permutation distribution of R2, then it is 
unlikely that the null hypothesis is true. The proportion of times a randomized R2 from the 
distribution is equal to or greater than the observed R2 gives the permutation P-value. 
Contrary to other ordination techniques based on eigenvector methods, such as principal 
component analysis, NMDS computation does not maximize the variability associated with 
individual axes of the ordination, making axes arbitrary, and plots may arbitrarily be rotated, 
centered, or inverted (Legendre and Legendre, 2012b). Moreover, is not directly possible to 
estimate a loading of environmental variables on NMDS axes, but it is possible to estimate slope 
coefficients between each variables and dimensions, and these coefficients can be interpreted as 
loadings. However, direct comparisons between NMDS axes are not possible because of their 
independence. 
Permutational multivariate analysis of variance (PERMANOVA) was used to fit linear 
models between each environmental variables and NMDS axes through the adonis() function of 
the vegan package (999 permutations). Anderson (2017) defined PERMANOVA as a 
semiparametric method of geometric partitioning of multivariate variation in the space of a 
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selected measure of dissimilarity, according to a given ANOVA design, with p-values calculated 
using appropriate distribution-free permutation techniques. PERMANOVA allows tests and 
estimation of sizes of main effects, interaction terms, hierarchical structures, and random 
components in mixed models while preserving statistical characteristics of rank-based 
nonparametric multivariate methods, such as the ability to base the analysis on a dissimilarity 
measure of choice and distribution-free inferences achieved by permutations, with no assumption 
of multivariate normality. Exchangeability of permutable units under a true null hypothesis is the 
only assumption required (Fisher, 1935; Kempthorne, 1966); inferences are distribution-free, but 
a linear model is applied to the dissimilarity space. PERMANOVA produces pseudo-F statistics 
to test the null hypothesis of no differences in the centroids among groups given any differences 
in within-group dispersions. PERMANOVA generates partial R2 coefficients for each of the 
factors included in the model, and they are obtained by dividing the sum of square of each factor 
by total sum of squares. Differences in NMDS scores (sites x scores matrix) were also tested 
using PERMANOVA run with 999 permutations. In case of significant differences, post hoc 
pairwise tests were performed to identify significant differences among the plantation types. Post 
hoc significance tests were adjusted using the Bonferroni correction control for type I error rate 
(α = 0.05). 
 
5.3. RESULTS 
5.3.1. Understory dynamics 
  The number of dimensions selected was k=3 for all the three years of the analysis (Table 
5.1) with stress values less than 0.01 for all the three years of the analysis (Fig. 5.1). The Number 
of dimension did not compromise the interpretability of NMDS plots, maintaining a good value 
of fit, as can be noted by the stress value. Shepard plots with R2 values for the linear and non-
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linear (monotone) regressions are shown in Fig. 5.2. To facilitate the interpretability, objects of 
NMDS (species and sites) were plotted on two dimensions (axes 1 and 2 of NMDS). 
 
Table 5.1 NMDS stress values for each k=1-5 dimension during 2014-2015.  
k Stress (2014) Stress (2015) Stress (2016) 
5 0.031 0.037 0.037 
4 0.054 0.053 0.049 
3 0.090 0.077 0.069 
2 0.168 0.117 0.104 
1 0.288 0.289 0.226 
 
 
Fig. 5.1. Scree plots (stresses vs. number of dimensions) related to NMDS ordination for years 
2014, 2015, and 2016. 
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Fig. 5.2. NMDS Shepard diagrams for years 2014-2016. 
 
 Results of PERMANOVA (Table 5.2) detected a difference among the plantations in 
NMDS scores for all three years. Specifically, NMDS scores of Camden white gum sites were 
different from those of older slash pine but similar to those same-age slash pine in 2014 and 
2015. Differences in NMDS scores were found among all three plantation types in 2016. 
NMDS ordination plots are shown in Fig. 5.3. In 2014, species found only within 
confidence ellipses for older slash pine sites included tree species (Magnolia virginiana, 
Liquidambar styraciflua), shurbs (Morella cerifera, Ilex opaca), vines (Vitis rotundifolia, 
Campsis radicans, Gelsemium sempervirens). Camden white gum confidence ellipses included 
mostly forbs (Eupatorium serotinum, Centrosema virginiamun, Rhynchosia tomentosa, 
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Gamochaeta purpurea, Eupatorium rotundifolius), shrubs (Rhus copallina, Vaccinum elliottii, 
Hypericum galioides), graminoids (Setaria parviflora, Fuirena breviseta). Same-age slash pine 
confidence ellipses shared the totality of all its species with Camden white gum, including a 
large number of forbs (Solidago rugosa, Solidago altissima, Eupatorium perfoliatum, Centaurum 
pulchellum, Helianthus angustifolius), some graminoids (Rhyncospora caduca), few shrubs 
(Hypericum stans, Vaccinium arboreum). Older slash pine and Camden white gum shared shrubs 
(Ilex vomitoria, Symplocos tinctoria, Rubus trivilias, Callicarpa americana), vines (Smilax 
glauca, Lygodium japonicum), and graminoids (Schizachyrium scoparium, Panicum 
verrucosum). Older slash pine sites, close in the ordination to shrubs, vines, and tree saplings, 
were distant from same-age slash pine typical of closed-canopy environments, which understory 
was close to forbs and herbs common of open environments. Camden white gum position was 
intermediate, totally encompassing same-age slash pine, and partially overlapping older slash 
pine. 
 In 2015, shrubs (Morella cerifera, Ilex opaca, Symplocos tinctoria, Rubus trivialis, 
Vaccinium elliotti, Ilex vomitoria), vines (Gelsemium sempervirens, Vitis rotundifolia, Smilax 
glauca), trees (Liquidambar styraciflua), forbs (Eupatorium resinosum, Diodia virginiana, 
Lespedeza capitata), and graminoids (Panicum verrucosum, Rhyncospora inexpansa) were 
contained exclusively within older slash pine 95% confidence ellipses. Confidence ellipses of 
same-age slash pine and Camden white gum partially overlapped, even though showing few 
share species (Helianthus angustifolius, Campsis radicans, Xyris stricta). Camden white gum 
confidence ellipses included forbs (Scutellaria integrifolia, Solidago altissma, Conyza 
canadensis, Euphorbia corollata, Pteridium aquilinum, Centrosema virginianum, Monarda 
punctata, Eupatorium perfoliatum, Tephrosia Onobrychoides) graminoids (Dichanthelim 
aciculare, Dichanthelium scabrisculum), shrubs (Hypericum stans, Baccharis halimifolia, 
  90 
Vaccinium arboreum). Same-age slash pine ellipses included mostly forbs (Eutamia 
leptocephala, Lobelia appendiculata), and graminoids (Juncus polycephalus). The distance 
patterns of the two slash pine plantations from the understory vegetation were similar to those 
observed the previous year. Camden white gum sites were separated now from slash older slash 
pine. 
 In 2016, slash pine confidence ellipses included shrubs (Morella cerifera, Ilex opaca, 
Symplocos tinctoria, Vaccinium elliotti, Ilex vomitoria, Rubus trivilias), vines (Smilax glauca, 
Toxicodendron radicans, Gelsemium semprevires, Vitis rotundifolia), graminoids (Panicum 
verrucosum), trees (Liquidambar styraciflua) and few forbs (Diodia virginiana). Camden white 
gum confidence ellipses included forbs (Centella erecta, Conyza canadensis, Eupatorium 
perfoliatum, Lobelia puberula, Lobelia appendiculata, Monarda punctata) and shrubs 
(Callicarpa americana, Hypericum stans). Same-age slash pine confidence ellipses included 
several forbs (Tephrosia onobrychoides, Diodia teres, Linum medium var. texanum, Xyris 
ambigua, Euthamia leptpcephala, Solidago altissima, Solidago rigosa, Polygola mariana, 
Helianthus angustigolius, Rhexia lutea). The three plantation types appeared separated in 2016, 
with same-age slash pine placed distant from older slash pine and eucalyptus sites. 
 In 2015, the superimposition of overstory variables on ordination space as vectors and 
surfaces (Table 5.3, Fig. 5.4, and Fig. 5.5) showed the placement of older slash pine sites on 
gradients of greater tree dimensions (DBH, height, and basal area), while same-age slash pine 
sites were placed along gradients of smaller tree dimensions. The position of Camden white gum 
sites was intermediate between the two slash pine plantations. DBH, height, and basal area 
PERMANOVA models showed positive first NMDS axis slope coefficients, with R2 values of 
0.79, 0.62, and 0.68 respectively (Table 5.4). The second NMDS axis showed a negative slope 
for DBH (R2=0.09) and height (R2=0.24) PERMANOVA models. 
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 In 2016, eucalyptus sites were placed on gradients of increasing tree height, while older 
slash pine sites along gradients of greater tree diameter and basal area (Table 5.3, Fig. 5.6, and 
Fig. 5.7). The position of same-age slash pines was opposite to Camden white gum in terms of 
height, and opposite to older slash pine in terms of DBH and basal area. PERMANOVA models 
for DBH, height, and basal area indicated negative slopes for the first NMDS axis and R2 values 
of 0.76, 0.91, and 0.60 respectively (Table 5.4). The second NMDS axis slopes were negative for 
DBH (R2=0.16) and basal area (R2=0.13) PERMANOVA models. 
The two slash pine plantations were placed in almost antipodal position in relation to LAI 
and total daily radiation under the canopy (Table 5.3, Fig. 5.6, and Fig. 5.8), with older slash 
pine sites associated with gradients of high crown development and same-age slash pine sites 
with gradients of high levels of solar radiation available in the understory. The position of 
Camden white gum sites was similar to those of older slash pine. Slopes of the first NMDS axis 
were negative for LAI (R2=0.81) and positive for radiation (R2=0.90) PERMANOVA models 
(Table 5.4). The second NMDS axis slopes were negative for LAI (R2=0.11) and positive for 
radiation (R2=0.05) PERMANOVA models. 
 Among soil characteristics, P, K, Cu, Na, S, and pH had a significant correlation with 
ordination space (Table 5.3, Fig. 5.6, and Fig. 5.9). Same-age slash pine sites were placed along 
gradients of higher levels of pH and Cu, while Camden white gum and older slash pine sites 
were showed gradients of increased soil acidity and lower soil Cu concentrations. Camden white 
gum sites were on gradients of soil rich in P and K, and gradients of lower S and Na. On the 
other hand, slash pine sites of both ages were placed along gradients of soil richer in Na and S 
and poor in P and K. The first NMDS axis showed a positive slope for pH (R2=0.79) and Cu 
(R2=0.43) PERMANOVA models, negative for P (R2=0.04) model (Table 5.4). On the other 
hand, the second NMDS slopes were positive for P, K, and Cu PERMANOVA models (R2=0.29, 
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0.31, 0.18 respectively), and negative for S and Na (R2=0.52 and 0.28 respectively) models 
(Table 5.4). 
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Fig. 5.3. Non-metric multidimensional scaling (NMDS) ordination of understory species composition (indicated in gray) of plantation 
sites (same-height slash pine sites = S08 prefix and blue color; same-age slash pine sites = S13 prefix and green color; Camden white 
gum sites = R prefix and red color), using Bray-Curtis dissimilarity. Black dots indicate site centroids, while standard deviation 95% 
ellipses outline position of plantation types. Superimposed vectors indicate species richness.
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Fig. 5.4. Non-metric multidimensional scaling (NMDS) ordination of understory species composition (indicated in gray) of plantation 
sites (same-height slash pine sites = S08 prefix and blue color; same-age slash pine sites = S13 prefix and green color; Camden white 
gum sites = R prefix and red color), using Bray-Curtis dissimilarity for year 2015. Black dots indicate site centroids, while standard 
deviation 95% ellipses outline position of plantation types. Superimposed vectors indicate species richness, diameter at breast height 
(DBH), tree height (Height), and basal area (BA).
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Fig. 5.5. Diameter at breast height (DBH), tree height (Height), and basal area (BA) fitted as smooth surfaces on the 2015 NMDS 
ordinations of understory species composition (indicated in gray) of plantation sites (same-height slash pine sites = S08 prefix and 
blue color; same-age slash pine sites = S13 prefix and green color; Camden white gum sites = R prefix and red color), using Bray-
Curtis dissimilarity. 
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Fig. 5.6. Non-metric multidimensional scaling (NMDS) ordination of understory species composition (indicated in gray) of plantation 
sites (same-height slash pine sites = S08 prefix and blue color; same-age slash pine sites = S13 prefix and green color; Camden white 
gum sites = R prefix and red color), using Bray-Curtis dissimilarity for year 2016. Black dots indicate site centroids, while standard 
deviation 95% ellipses outline position of plantation types. Superimposed vectors indicate species richness (black), overstory variables 
(black), canopy variables (purple), and soil variables (orange). 
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Fig. 5.7. Diameter at breast height (DBH), tree height (Height), and basal area (BA) fitted as smooth surfaces on the 2016 NMDS 
ordinations of understory species composition (indicated in gray) of plantation sites (same-height slash pine sites = S08 prefix and 
blue color; same-age slash pine sites = S13 prefix and green color; Camden white gum sites = R prefix and red color), using Bray-
Curtis dissimilarity. 
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Fig. 5.8. Leaf area index (LAI) and total daily radiation under the canopy (RAD) fitted as smooth surfaces on the 2016 NMDS 
ordinations of understory species composition (indicated in gray) of plantation sites (same-height slash pine sites = S08 prefix and 
blue color; same-age slash pine sites = S13 prefix and green color; Camden white gum sites = R prefix and red color), using Bray-
Curtis dissimilarity. 
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Fig. 5.9. Soil pH, phosphorous (P), potassium (K), sulfur (S), copper (Cu), and sodium (Na) fitted as smooth surfaces on the 2016 
NMDS ordinations of understory species composition (indicated in gray) of plantation sites (same-height slash pine sites = S08 prefix 
and blue color; same-age slash pine sites = S13 prefix and green color; Camden white gum sites = R prefix and red color), using Bray-
Curtis dissimilarity
−1.0 −0.5 0.0 0.5 1.0
−0
.5
0.
0
0.
5
Soil pH
NMDS1
E.resi
Q.nigr
T.perf
X.stri.obs
H.hype
E.lept
P.proc
L.styr
V.rotu
X.ambi
S.tinc
M.punc
G.semp
R.grac
D.scop
P.sero
L.medi.tex
S.glau
L.pilo
R.lute
M.stri
C.cono
N.sylv
Oxalis
D.virg
S.alti
I.opac
V.arboM.acum
M.ceri
J.poly
C.horr
L.japo
C.amer
E.comp
A.parv
Lactuca
D.acic
R.reco
E.hiera
P.verru
S.rugoH.angu
R.triv
P.caro
G.purpC.cana
R.cadu
P.mari
E.perf
T.radi
I.vomiD.scab
V.elli
T.onob
D.tere
P.pect
L.pube
A.fili
C.virg
S.scop
C.erec
E.capi
B.hali
S.dumo
L.appeH.stan
E.rotu
R.hirtE.leuc C.radiP.aqui
R.copa
S13_2
S13_17
S13_6
R8
S08_3
S13_9
R10
S08_36
R11
S13_26
S08_32
R9
S08_17
S08_1
R6
Richness
pH
−1.0 −0.5 0.0 0.5 1.0
−0
.5
0.
0
0.
5
Soil P
NMDS1
NM
DS
2
E.resi
Q.nigr
T.perf
X.stri.obs
H.hype
E.lept
P.proc
L.styr
V.rotu
X.ambi
S.tinc
M.punc
G.semp
R.grac
D.scop
P.sero
L.medi.tex
S.glau
L.pilo
R.lute
M.stri
C.cono
N.sylv
Oxalis
D.virg
S.alti
I.opac
V.arboM.acum
M.ceri
J.poly
C.horr
L.japo
C.amer
E.comp
A.parv
Lactuca
D.acic
R.reco
E.hiera
P.verru
S.rugoH.angu
R.triv
P.caro
G.purpC.cana
R.cadu
P.mari
E.perf
T.radi
I.vomiD.scab
V.elli
T.onob
D.tere
P.pect
L.pube
A.fili
C.virg
S.scop
C.erec
E.capi
B.hali
S.dumo
L.appeH.stan
E.rotu
R.hirtE.leuc C.radiP.aqui
R.copa
S13_2
S13_17
S13_6
R8
S08_3
S13_9
R10
S08_36
R11
S13_26
S08_32
R9
S08_17
S08_1
R6
Richness
P
−1.0 −0.5 0.0 0.5 1.0
−0
.5
0.
0
0.
5
Soil K
NMDS1
NM
DS
2
E.resi
Q.nigr
T.perf
X.stri.obs
H.hype
E.lept
P.proc
L.styr
V.rotu
X.ambi
S.tinc
M.punc
G.semp
R.grac
D.scop
P.sero
L.medi.tex
S.glau
L.pilo
R.lute
M.stri
C.cono
N.sylv
Oxalis
D.virg
S.alti
I.opac
V.arboM.acum
M.ceri
J.poly
C.horr
L.japo
C.amer
E.comp
A.parv
Lactuca
D.acic
R.reco
E.hiera
P.verru
S.rugoH.angu
R.triv
P.caro
G.purpC.cana
R.cadu
P.mari
E.perf
T.radi
I.vomiD.scab
V.elli
T.onob
D.tere
P.pect
L.pube
A.fili
C.virg
S.scop
C.erec
E.capi
B.hali
S.dumo
L.appeH.stan
E.rotu
R.hirtE.leuc C.radiP.aqui
R.copa
S13_2
S13_17
S13_6
R8
S08_3
S13_9
R10
S08_36
R11
S13_26
S08_32
R9
S08_17
S08_1
R6
Richness
K
−1.0 −0.5 0.0 0.5 1.0
−0
.5
0.
0
0.
5
Soil S
NMDS1
E.resi
Q.nigr
T.perf
X.stri.obs
H.hype
E.lept
P.proc
L.styr
V.rotu
X.ambi
S.tinc
M.punc
G.semp
R.grac
D.scop
P.sero
L.medi.tex
S.glau
L.pilo
R.lute
M.stri
C.cono
N.sylv
Oxalis
D.virg
S.alti
I.opac
V.arboM.acum
M.ceri
J.poly
C.horr
L.japo
C.amer
E.comp
A.parv
Lactuca
D.acic
R.reco
E.hiera
P.verru
S.rugoH.angu
R.triv
P.caro
G.purpC.cana
R.cadu
P.mari
E.perf
T.radi
I.vomiD.scab
V.elli
T.onob
D.tere
P.pect
L.pube
A.fili
C.virg
S.scop
C.erec
E.capi
B.hali
S.dumo
L.appeH.stan
E.rotu
R.hirtE.leuc C.radiP.aqui
R.copa
S13_2
S13_17
S13_6
R8
S08_3
S13_9
R10
S08_36
R11
S13_26
S08_32
R9
S08_17
S08_1
R6
Richness
S
−1.0 −0.5 0.0 0.5 1.0
−0
.5
0.
0
0.
5
Soil Cu
NMDS1
NM
DS
2
E.resi
Q.nigr
T.perf
X.stri.obs
H.hype
E.lept
P.proc
L.styr
V.rotu
X.ambi
S.tinc
M.punc
G.semp
R.grac
D.scop
P.sero
L.medi.tex
S.glau
L.pilo
R.lute
M.stri
C.cono
N.sylv
Oxalis
D.virg
S.alti
I.opac
V.arboM.acum
M.ceri
J.poly
C.horr
L.japo
C.amer
E.comp
A.parv
Lactuca
D.acic
R.reco
E.hiera
P.verru
S.rugoH.angu
R.triv
P.caro
G.purpC.cana
R.cadu
P.mari
E.perf
T.radi
I.vomiD.scab
V.elli
T.onob
D.tere
P.pect
L.pube
A.fili
C.virg
S.scop
C.erec
E.capi
B.hali
S.dumo
L.appeH.stan
E.rotu
R.hirtE.leuc C.radiP.aqui
R.copa
S13_2
S13_17
S13_6
R8
S08_3
S13_9
R10
S08_36
R11
S13_26
S08_32
R9
S08_17
S08_1
R6
RichnessCu
−1.0 −0.5 0.0 0.5 1.0
−0
.5
0.
0
0.
5
Soil Na
NMDS1
NM
DS
2
E.resi
Q.nigr
T.perf
X.stri.obs
H.hype
E.lept
P.proc
L.styr
V.rotu
X.ambi
S.tinc
M.punc
G.semp
R.grac
D.scop
P.sero
L.medi.tex
S.glau
L.pilo
R.lute
M.stri
C.cono
N.sylv
Oxalis
D.virg
S.alti
I.opac
V.arboM.acum
M.ceri
J.poly
C.horr
L.japo
C.amer
E.comp
A.parv
Lactuca
D.acic
R.reco
E.hiera
P.verru
S.rugoH.angu
R.triv
P.caro
G.purpC.cana
R.cadu
P.mari
E.perf
T.radi
I.vomiD.scab
V.elli
T.onob
D.tere
P.pect
L.pube
A.fili
C.virg
S.scop
C.erec
E.capi
B.hali
S.dumo
L.appeH.stan
E.rotu
R.hirtE.leuc C.radiP.aqui
R.copa
S13_2
S13_17
S13_6
R8
S08_3
S13_9
R10
S08_36
R11
S13_26
S08_32
R9
S08_17
S08_1
R6
Richness
Na
  100 
Table 5.2 PERMANOVA results based on NMDS scores for years 2014-2016. P-values relative 
to post-hoc contrasts between plantation types were adjusted using Bonferroni method. 
Year Model Pseudo-F R2 P-value Adj. P-value Sign. level 
2014 Overall 8.827 0.60 0.002 - *** 
 E13 vs. S08 10.207 0.56 0.01 0.03 * 
 E13 vs. S13 3.829 0.32 0.038 0.114  
 S13 vs. S08 14.743 0.64 0.011 0.033 * 
       
2015 Overall 11.95 0.67 0.001 - *** 
 E13 vs. S08 9.637 0.55 0.007 0.021 * 
 E13 vs. S13 9.11 0.53 0.017 0.051  
 S13 vs. S08 18.295 0.70 0.01 0.03 * 
       
2016 Overall 29.068 0.83 0.001 - *** 
 E13 vs. S08 19.478 0.71 0.005 0.015 * 
 E13 vs. S13 35.159 0.81 0.011 0.033 * 
 S13 vs. S08 31.947 0.80 0.011 0.033 * 
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Table 5.3. Cosine of variables with NMDS axes, R2, P-value, and significance level for the 
vectors relative to the variables superimposed in the ordination. Cosine of the angle to NMDS 
axes represented the inclination of the vectors in the ordination space (not the correlation with 
NMDS axes). The value of R2 represent the correlation of the (external) variable and the 
ordination scores projected onto the arrow (not the axes), while the P-value and significance 
levels are relative the permutation test described in the methods. 
Year Variable Cos. with NMDS R2 P-value Sign. level 
Axis 1 Axis 2 
2014 Species richness 1 0.0 0.66 0.002 ** 
       
2015 Species richness 1 0.0 0.61 0.003 ** 
 DBH -0.92 0.92 0.80 0.001 *** 
 Height -0.79 0.38 0.87 0.001 *** 
 Basal area -0.91 0.61 0.75 0.001 *** 
       
2016 Species richness 1 0.0 0.76 0.001 *** 
 DBH -0.61 -0.17 0.89 0.001 *** 
 Height -0.89 -0.79 0.92 0.001 *** 
 Basal area -0.98 -0.17 0.69 0.001 *** 
 LAI -0.97 -0.26 0.89 0.001 *** 
 RAD 0.91 0.42 0.91 0.001 *** 
 Soil P 0.22 -0.97 0.42 0.005 ** 
 Soil K 0.33 -0.94 0.43 0.029 * 
 Soil Cu 1.00 0.03 0.55 0.005 ** 
 Soil Na -0.49 0.87 0.40 0.028 * 
 Soil S -0.73 0.68 0.52 0.011 * 
 Soil pH 0.89 0.46 0.80 0.001 *** 
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Table 5.4. Intercepts, slope coefficients, R2 values, P-values, and significancy relative to 
PERMANOVA linear models of environmental variables (dependent variables) and NMDS axes 
(independent variables) for years 2015 and 2016. 
Year Variable Intercept NMDS1 NMDS2  
slope R2 P-value Sig. slope R2 P-value Sig. 
2015 DBH 5.521 6.647 0.79 0.001 *** -2.649 0.09 0.016 * 
 Height 4.895 4.471 0.62 0.001 *** -3.418 0.24 0.002 ** 
 Basal area 5.820 10.914 0.68 0.001 *** -4.814 0.09 0.058  
           
2016 DBH 7.269 -4.512 0.76 0.001 *** -2.889 0.16 0.002 ** 
 Height 7.265 -5.728 0.91 0.001 *** 0.976 0.01 0.175  
 BA 8.035 -8.157 0.60 0.001 *** -5.417 0.13 0.036 * 
 LAI 1.053 -1.016 0.81 0.001 *** -0.517 0.11 0.005 ** 
 RAD 5.563 3.328 0.90 0.001 *** 1.122 0.05 0.005 ** 
 pH 4.891 0.424 0.79 0.002 ** 0.011 0.03 0.206  
 P 3,985 -2.540 0.16 0.04 * 4.738 0.29 0.008 ** 
 K 22.009 -2.998 0.13 0.115  6.526 0.31 0.035 * 
 S 10.278 -0.373 0.00 0.75  -5.749 0.52 0.002 ** 
 Na 17.719 1.548 0.05 0.374  -4.909 0.28 0.036 * 
 Cu 0.525 0.102 0.43 0.001 *** 0.092 0.18 0.046 * 
 
5.3. DISCUSSION 
The position of plantation sites in the NMDS ordination space changed over time, to the 
point that Camden white gum sites were positioned closer to older slash pine sites and distant 
from same-age slash pine at the end of the study. These changes in position were associated with 
changes in the distances of the sites from certain understory species. In the first two years, 
eucalyptus sites had an intermediate position between the two slash pine sites. These results 
suggested a landscape matrix in which Camden white gum sites were embedded and from which 
understory species propagules were obtained, supporting the role of plantations as catalysts for 
regeneration, conservation and/or restoration of native species described by several authors 
(Brockerhoff et al., 2008, 2001; Carnus et al., 2006; Cusack and Montagnini, 2004; Hartley, 
2002). Parrotta (1995), detected the presence of natural and naturalized understory species in 
young exotic species plantations (Eucalyptus robusta, Leucaena leucocephala, and Casuarina 
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equisetifolia), and similar results were observed in different Eucalyptus spp. plantations 
understory, where the understory was similar to those of adjacent natural forests (Bone et al., 
1997; Geldenhuys, 1997; Michelsen et al., 1996; Yirdaw and Luukkanen, 2003). 
Understory species composition changed relatively rapidly within Camden white gum 
plantations, suggesting that they could not support similar species as slash pine plantations for 
the same duration. In the first two years of the study, Camden white gum sites were closely 
placed to same-age slash pine with similar understory species composition, which indicated that 
Camden white gum plantations could support species typical of open conditions found in same-
age slash pine. During the third year, the changes in Camden white gum sites altered the 
understory vegetation composition toward shade-tolerant species found in older slash pine sites. 
The quick variation in distance of Camden white gum sites during the third year raised concerns 
related to the fast-growing nature of eucalyptus and its influence on understory vegetation 
dynamics. Although variations in species composition related to stand age and characteristics 
normally occur in slash pine plantations, the same changes were occurring earlier in Camden 
white gum. Faster changes in habitat conditions are often detrimental to the conservation of 
specialists, which are particularly sensitive to land-use changes (Brockerhoff et al., 2003). For 
instance, in this study several beak-sedge species (Rhynchospora sp.) with full sun 
requirements/partial shade light requirements progressively moved away from eucalyptus sites 
while staying close to same-age slash pine ones. The relatively short rotation of eucalyptus 
plantations (often less than 9 years) could be also particularly discriminating against old-forest 
succession species (Alrababah et al., 2007; Buscardo et al., 2008; Richardson and van Wilgen, 
1986). 
Increased overstory and canopy complexity affected understory vegetation composition. 
Several shade-tolerant or intermediate shade-tolerant species were placed on increasing gradients 
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of DBH, basal area, and LAI, such as red maple (Acer rubrum), American holly (Ilex opaca), 
water oak (Quercus nigra), sweetgum (Liquidamabar stryraciflya), sweetleaf (Symplocos 
tinctoria), poison-ivy (Toxicodendron radicans), wax myrtle (Morella cerifea), French mulberry 
(Callicarpa americana). These species were located in the ordination space in the proximity of 
older slash pine sites, which was characterized by higher LAI values, greater DBH and basal 
area, and lower radiation intensity in the understory. On the other hand, species typical of open 
fields, clearings, prairies, woodlands and savannas, such as St. Andrew’s Cross (Hypericum 
hypericoides), comb-leaf mermaidweed (Proserpinaca pectinata), slender beaksedge 
(Rhynchospora gracilenta), stiff yellow flax (Linum medium var. Texanum), pineland 
yelloweyed grass (Xyris stricta var. obscura), and rice button aster (Symphyotrichum dumosum) 
were located proximal to same-age slash pine (which had higher light availability). Camden 
white gum sites had intermediate (2015) or taller (2016) overstory as well as intermediate LAI 
and radiation, which allowed the growth of species that can thrive in both light and partial-shade 
environments. These levels of radiation transmittance allowed species with mixed-light 
requirements, such as eastern baccharis (Baccharis halimifolia), butterfly pea (Centrosema 
virginianum), common boneset (Eupatorium perfoliatum), spoonleaf purple everlasting 
(Gamochaeta purpurea), and Canadian horseweed (Conyza canadensis).  
 Light transmittance, defined as quantity of light that reaches the forest floor through 
canopy, is largely determined by tree species composition, stand density, stand structure, and 
canopy patterns (Barbier et al., 2008). A study compared the transmittance values of two 
broadleaf (Eucalyptus globulus and Grevillea robusta) and two conifer (Cupressus lusitanica 
and Juniperus procera) plantations, showing that conifers had relatively denser crowns and 
shorter, clearer boles resulting in higher LAI values (Yirdaw and Luukkanen, 2004). On the 
other hand, broadleaf plantations have relatively open crowns, lower LAI values, and higher 
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transmittance percentages. Findings of this study are in line with results of those studies, with 
Camden white gum having an overstory that was taller but with less-dense foliage than older (but 
same-height at the beginning of the study) slash pine. 
Differences in canopy light transmittance was also reflected by the herbaceous ground 
cover. A study carried out in different plantation types showed that herbaceous ground cover was 
greater under broadleaf plantations (Grevillea robusta) than conifer plantations (Pinus patula, 
Juniperus procera, and Cupressus lusitanica) (Yirdaw, 2001). Herbaceous vegetation levels were 
greater in broadleaf plantations, and in this study Camden white gum sites were similarly 
characterized by the proximity of more herbs, forbs, and grasses than older slash pine. According 
to Pohjonen (1989), tall eucalypt plantations typically have a dense undergrowth because their 
relatively sparse and usually pendulous leaves allows light to pass through them. 
Species that thrive in acidic and slightly acidic soils were located in the proximity of 
older slash pine centroids, as shown by the pH gradient. Examples of these species are Carolina 
jessamine (Gelsemium sempervirens), Elliott’s huckleberry (Vaccinium elliottii), American holly 
(Ilex opaca), sweetgum (Liquidambar styraciflua), wax myrtle (Morella cerifera), and southern 
dewberry (Rubus trivilias). It is well-known that acidic soils support less species than neutral and 
slightly alkaline ones (Ellenberg, 1988), and the importance of soil reactions in determining 
understory species richness and diversity was already discussed in Chapter 3. Conifers generally 
produce more acidic soils than broadleaves on similar sites (Fisher and Binkley, 2012), which 
explains the lower pH levels observed in older slash pine sites. However, eucalyptus plantations 
can increase soil acidity over time. Eucalyptus saligna plantations decreased soil pH from 5.9 to 
5.0 in eight years compared to N-fixing Albizia spp. plantations (Rhoades and Binkley, 1996). 
Moreover, a meta-analysis indicated that afforestation with pine and eucalyptus species led to 
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more acidic and nutrient-deﬁcient mineral soils (Berthrong et al., 2009), supporting the idea of 
potential increased acidity and nutrient-depleted soil in Camden white gum sites over time.  
The positions of slash pine sites along gradients of increased soil S and Na, and Camden 
white gum sites on increased K, and same-age slash pine on increased Cu could be due to 
nutrient cycling trends of these plantations. The S gradient could be the effect of the deposition 
of sulfate–S due to enhanced mineralization processes, which was studied for conifers (Davis, 
1995, 1994; Ross et al., 2009). The gradient of Na and K seemed to be an effect of the variation 
in soil pH, with their availability increasing with increasing soil alkalinity. The operational 
fertilization received by eucalyptus sites is the likely the reason of P gradient.  
It is interesting how copper gradients had the same orientation of species richness 
gradient, and it might be connected to plant micronutrient requirements. The sites of this study 
spanned across locations with a majority of soils of the heavily leached, acidic, low-fertility 
Ultisols order (USDA, 2002). Copper deficiencies can occur in soils developed from sands, 
sandstones, and acid igneous rocks (Jarvis, 1981), which constitute common parent materials of 
the study sites. Van Lear and Smith (1972) reported copper and micronutrients deficiencies and 
the necessity of supplementary fertilization prior to slash pine establishment in several areas of 
the Western Gulf flatwoods in which this study was conducted. It is possible that on the soils in 
this study Cu was limiting to species richness irrespective of plantation type.  
 
5.4. CONCLUSION 
Understory species communities of eucalyptus plantations changed over the years 
observed, and they were influenced by changes in habitats conditions driven by overstory, 
canopy and soil characteristics. In particular, canopy architecture and soil conditions appeared to 
be the major drivers of understory community assemblages. At the beginning of the study, and 
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over the second year, the understory species supported by Camden white gum sites were similar 
to those of same-age slash pine. Those species included a variety of forbs, herbs, and shrubs 
adapted to thrive in full light or partial shade light condition whereas vegetation of older slash 
pine sites was characterized by shrubs, tree saplings, and vines shade or intermediate shade 
tolerant. Changes in Camden white gum tree dimensions (diameter at the breast height, basal 
area, and total tree height) and the canopy architecture (leaf area index) triggered by the fast 
growth of the species altered the light availability for the understory. By the third year (2016), 
Camden white gum understory composition was closer to that of older slash pine. However, 
particular overstory and canopy conditions (taller trees with intermediate LAI among plantation 
types) allowed the presence of forbs and herbs typical of open environments in Camden white 
gum plantations.  
Soil characteristics, in particular pH, determined the understory communities in the 
plantations, influencing the edaphic characteristics and nutrient availability. Greater acidity of 
soils in older slash pine sites corresponded to a more acidophilus understory vegetation, while 
Camden white gum sites were placed along gradients of increasing acidity, intermediate between 
the two slash pine sites. A concern about soil acidification in eucalyptus plantations and its effect 
on understory is raised because a decline in soil pH could contribute to nutrient deficiencies or 
toxic conditions. 
Routine management operations, such as eucalyptus fertilization and pre-planting burning 
in slash pine site, could have affected soil reactions, nutrient availability, and tree growth; these 
variables influenced, in turn, understory species composition. Moreover, this study was 
conducted in only the first half of a Camden white gum rotation and the initial years of a slash 
pine rotation, and it lacks information about mid-, late-, and in-between rotations. The different 
management regimes adopted in slash pine (i.e. thinning, clear-cut, regeneration by re-planting) 
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and eucalyptus (herbicide applications and regeneration via coppicing) could have important 
long-term effects on plantation characteristics and understory communities that were beyond the 
scope of this study. 
In conclusion, land-use change from slash pine to Camden white gum seemed to 
accelerate changes in overstory structure and soil characteristics, which in turn influenced the 
understory microclimatic conditions and consequently species assemblages. The adoption of 
Eucalyptus benthamii plantations on a large scale will likely result in a substantial 
impoverishment in terms of understory species in the area, which has already experienced a 
decline of floristic richer native ecosystems on private lands, such as longleaf pine savannas and 
woodlands. 
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CHAPTER 6. SUMMARY AND CONCLUSION 
The main objective of this dissertation was to assess the understory vegetation 
composition and functionality triggered by the land-use change from slash pine (Pinus elliottii) 
plantations to Camden white gum (Eucalytus benthamii) plantations over a period of three years 
within the early rotation of both species. Specifically, the present dissertation has analyzed 
understory species in terms of (1) number of species, Shannon index (evenness), and 
accumulation of species over sampling areas, (2) potential factors influencing its composition 
and patterns, such as overstory conditions, and soil characteristics, (3) functional morphological 
and stoichiometric traits and functional diversity indices, (4) impact of functional traits and 
diversity indices on understory aboveground biomass and vertical structure, (5) similarities, 
dynamics, and responses to overstory, canopy, and soil gradients. Three different plantation 
types were investigated: (1) Camden white gum established in 2013, which represents the 
novelty treatment (2) slash pine established in 2013, which represents the business-as-usual 
scenario, (3) slash pine plantation established in 2008, selected to match the increase in 
eucalyptus tree size due to eucalyptus’s fast-growth rate. 
A decline in number of species was observed in the three plantations. Initially, Camden 
white gum was similar to same-age slash pine in understory species, with higher number of 
species than older slash pine. During the second and the third years, eucalyptus plantation 
occupied an intermediate position among the two slash pine plantations in understory species 
richness. Among all the variables investigated, leaf area index, soil pH and K, and tree height 
were the most important factors influencing understory species numbers and Shannon index, 
pointing out the major influences of overstory and soil resources in understory species richness.  
 Certain functional traits, such as plant height, leaf area, and leaf N were different between 
the plantation types, but no differences were revealed in functional diversity indices (functional 
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richness, evenness, and divergence). The similarity in functional richness and the lack of linear 
relationship between functional and taxonomic richness seemed to suggest functional 
redundancy, which causes a resilience in the land-use change from slash pine to Camden white 
gum plantation, allowing understory communities to return to a previous state of stability in 
terms of functional traits, without evident changes in ecosystem properties (understory 
aboveground biomass and vertical structure). Understory aboveground biomass was predicted 
from overstory characteristics rather than its functional traits and functional diversity indices. 
These findings identify the overstory as the true determinant of the ecosystem properties of 
understory biomass and vertical structure because of its greater contribution in terms of biomass. 
However, understory functional traits contributed to determining understory vertical structure. 
Understory species communities of eucalyptus and slash pine plantations were influenced 
by changes in habitat conditions driven by gradients of overstory and soil characteristics. During 
2014 and 2015, similar understory communities were observed in Camden white gum and same-
age slash pine sites in terms of forbs, herbs, and shrubs adapted to thrive in full-light or partial-
shade light conditions. In contrast, understory of older slash pine sites was characterized by 
shade- or intermediate-shade tolerant species. Changes in Camden white gum overstory size and 
its canopy architecture reduced light availability for the understory, and during 2016 its 
understory composition was closer to older slash pine. However, configuration of foliage and 
tree height of Camden white gum plantations allowed the presence of forbs and herbs typical of 
open environments. Among soil characteristics, pH gradients determined the understory 
communities in the plantations. Acidophilus understory vegetation was found in acidic soils of 
older slash pine sites. Soil pH appeared to influence also nutrient availability for the understory. 
However, this study concerns only the initial stages of the rotation and lacks important 
information related to the different stages of rotations and management operations that will occur 
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later in the rotations, particularly thinning (only in slash pine) and clearcutting (done at shorter 
intervals in Camden white gum). Future research can build upon the work of this project by 
exploring understory species diversity and the overstory, edaphic, and climate conditions that 
govern diversity over a longer period that includes harvesting patterns of the plantation types. 
Comparisons encompassing eucalyptus plantations relative to native ecosystem conditions as 
well as business-as-usual land uses will also provide a more comprehensive assessment of land 
conversion to eucalyptus plantations on non-crop vegetation diversity, structure, and 
productivity.  
From a management standpoint, the result of this dissertation discourage the land-use 
change from slash pine to non-native and fast-growing Camden white gum. Louisiana already 
experienced declines in longleaf pine habitats in the region in which this study occurred. These 
floristically-rich, herb-dominated wetlands were converted to loblolly and slash pine plantations, 
which rely on intensive management activities detrimental for natural understory communities. 
The adoption of fast-growing eucalyptus on these sites formerly occupied by longleaf pine will 
probably accelerate the deterioration of natural habitats and eventually reduce open-condition 
species in favor of shade-tolerant species, overturning the longleaf habitat conservation efforts 
already put in place by governmental agencies and conservation groups. 
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APPENDIX A. UNDERSTORY SPECIES LIST 
A1. Understory species found in E. benthamii plantation (E13) 
Family Scientific name 
Abundance 
Form Duration 
2014 2015 2016 
Anacardiaceae Rhus copallinum 2.00% 5.00% 0.50% Shrub Perennial 
Anacardiaceae Toxicodendron radicans 8.00% 9.00% 3.50% Vine Perennial 
Anacardiaceae Toxicodendron diversilobum 0.00% 2.00% 0.00% Shrub Perennial 
Annonaceae Asimina parviflora 1.00% 1.50% 0.00% Tree Perennial 
Apiaceae Centella crenata 2.50% 1.00% 0.00% Forb/herb Perennial 
Apiaceae Centella erecta 1.50% 5.00% 4.50% Forb/herb Perennial 
Aquifoliaceae Ilex opaca 0.00% 0.50% 1.00% Shrub Perennial 
Aquifoliaceae Ilex vomitoria 6.50% 10.00% 11.00% Shrub Perennial 
Asteraceae Baccharis halimifolia 4.50% 3.00% 6.50% Shrub Perennial 
Asteraceae Chrysopsis mariana 0.50% 0.00% 0.00% Forb/herb Perennial 
Asteraceae Cirsium horridulum 2.50% 0.00% 4.00% Forb/herb Annual/biennial 
Asteraceae Conoclinium coelestinum 0.00% 0.00% 0.50% Forb/herb Perennial 
Asteraceae Conyza canadensis 62.50% 8.50% 16.50% Forb/herb Annual/biennial 
Asteraceae Diaperia candida 0.00% 0.00% 0.50% Forb/herb Annual 
Asteraceae Echinacea sanguinea 0.00% 0.50% 0.50% Forb/herb Perennial 
Asteraceae Erechtites hieraciifolius 0.00% 0.00% 0.50% Forb/herb Annual 
Asteraceae Eupatorium capillifolium 39.00% 44.50% 7.50% Forb/herb Perennial 
Asteraceae Eupatorium leucolepsis 9.00% 7.00% 2.00% Forb/herb Perennial 
Asteraceae Eupatorium compositifolium 4.50% 15.00% 49.00% Forb/herb Perennial 
Asteraceae Eupatorium perfoliatum 4.50% 8.00% 4.50% Forb/herb Perennial 
Asteraceae Eupatorium resinosum 0.00% 1.00% 0.00% Forb/herb Perennial 
Asteraceae Eupatorium rotundifolium 12.50% 25.00% 11.00% Forb/herb Perennial 
Asteraceae Eupatorium serotinum 4.50% 2.00% 1.00% Forb/herb Perennial 
Asteraceae Euthamia leptocephala 1.50% 2.00% 0.00% Forb/herb Perennial 
Asteraceae Gaillardia aestivalis 0.00% 0.50% 0.00% Forb/herb Perennial 
Asteraceae Gamochaeta purpurea 44.00% 38.00% 39.50% Forb/herb Annual/biennial 
Asteraceae Helianthus angustifolius 94.00% 23.00% 2.50% Forb/herb Perennial 
Asteraceae Hymenopappus artemisiifolius 0.50% 1.50% 0.00% Forb/herb Biennial 
Asteraceae Lactuca sp. 0.00% 0.00% 2.50% Forb/herb Annual/biennial 
Asteraceae Pityopsis graminifolia 8.50% 0.00% 0.00% Forb/herb Perennial 
Asteraceae Pyrrhopappus carolinianus 1.50% 5.00% 0.00% Forb/herb Annual/biennial 
Asteraceae Rudbeckia grandiflora 0.00% 1.00% 2.50% Forb/herb Perennial 
Asteraceae Rudbeckia hirta 0.00% 0.00% 0.50% Forb/herb Perennial 
Asteraceae Solidago altissima 28.50% 2.00% 0.00% Forb/herb Perennial 
Asteraceae Solidago rugosa 5.50% 1.00% 0.00% Forb/herb Perennial 
Asteraceae Symphyotrichum dumosum 2.00% 2.50% 5.50% Forb/herb Perennial 
Bignogniaceae Bignonia capreolata 0.00% 0.00% 0.50% Vine Perennial 
Bignogniaceae Campsis radicans 1.50% 2.50% 0.50% Vine Perennial 
Campanulaceae Lobelia appendiculata 0.00% 1.00% 1.00% Forb/herb Annual/biennial 
Campanulaceae Lobelia puberula 0.50% 0.00% 3.00% Forb/herb Perennial 
Campanulaceae Triodanis perfoliata 0.00% 0.00% 0.50% Forb/herb Annual 
Cistaceae Lechea tenuifolia 0.00% 0.50% 0.00% Forb/herb Perennial 
Cyperaceae Cyperus echinatus 1.00% 0.00% 0.00% Graminoid Perennial 
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Cyperaceae Cyperus esculentus 0.50% 0.00% 0.00% Graminoid Perennial 
Cyperaceae Rhynchospora caduca 0.00% 0.50% 0.00% Graminoid Perennial 
Cyperaceae Rhynchospora gracilenta 0.00% 2.00% 0.00% Graminoid Perennial 
Cyperaceae Rhynchospora recognita 1.00% 0.00% 0.00% Graminoid Perennial 
Dennstaedtiaceae Pteridium aquilinum 8.00% 7.00% 6.00% Forb/herb Perennial 
Ericaceae Vaccinium arboreum 1.00% 3.50% 0.00% Shrub Perennial 
Ericaceae Vaccinium elliottii 1.50% 0.00% 0.00% Shrub Perennial 
Euphorbiaceae Euphorbia corollata 0.00% 4.50% 0.00% Forb/herb Perennial 
Fabaceae Centrosema virginianum 10.50% 13.00% 1.00% Forb/herb Perennial 
Fabaceae Crotalaria sagittalis 0.00% 1.00% 0.00% Forb/herb Annual 
Fabaceae Lespedeza capitata 3.00% 0.00% 0.00% Forb/herb Perennial 
Fabaceae Mimosa strigillosa 1.00% 2.00% 0.00% Forb/herb Perennial 
Fabaceae Rhynchosia tomentosa 0.00% 1.50% 0.00% Forb/herb Perennial 
Fabaceae Sesbania herbacea 4.00% 0.00% 0.00% Forb/herb Annual 
Fabaceae Strophostyles umbellata 0.50% 0.00% 0.00% Forb/herb Perennial 
Fabaceae Tephrosia onobrychoides 5.00% 8.50% 0.00% Forb/herb Perennial 
Fagaceae Quercus marilandica 0.00% 1.00% 0.00% Tree Perennial 
Gelsemiaceae Gelsemium sempervirens 5.00% 4.50% 7.00% Vine Perennial 
Gentianiaceae Centaurium pulchellum 2.00% 0.00% 0.00% Forb/herb Annual 
Hamamelidaceae Liquidambar styraciflua 0.50% 1.00% 0.00% Tree Perennial 
Hypericaceae Hypericum fasciculatum 0.00% 1.50% 1.00% Shrub Perennial 
Hypericaceae Hypericum galioides 1.50% 0.00% 0.00% Shrub Perennial 
Hypericaceae Hypericum hypericoides 5.00% 2.00% 0.00% Shrub Perennial 
Hypericaceae Hypericum stans 5.50% 4.50% 2.50% Shrub Perennial 
Iridaceae Sisyrinchium angustifolium 0.00% 0.00% 0.50% Forb/herb Perennial 
Juncaceae Juncus brachicarpus 2.00% 1.00% 0.00% Graminoid Perennial 
Juncaceae Juncus polycephalus 0.00% 3.00% 0.00% Graminoid Perennial 
Lamiaceae Monarda punctata 0.00% 6.50% 2.50% Forb/herb Perennial 
Lamiaceae Physostegia digitalis 0.00% 1.00% 0.00% Forb/herb Perennial 
Lamiaceae Pycnanthemum tenuifolium 0.00% 1.00% 0.00% Forb/herb Perennial 
Lamiaceae Scutellaria integrifolia 6.50% 5.00% 0.00% Forb/herb Perennial 
Linaceae Linum medium var. texanum 1.00% 0.00% 0.00% Forb/herb Annual 
Lygodiaceae Lygodium japonicum 8.00% 10.50% 10.00% Vine Perennial 
Melastomataceae Rhexia lutea 3.50% 3.50% 0.50% Forb/herb Perennial 
Melastomataceae Rhexia mariana 1.50% 15.50% 0.00% Forb/herb Perennial 
Myricaceae Morella cerifera 0.50% 4.50% 0.00% Shrub Perennial 
Nyssaceae Nyssa sylvatica 1.00% 1.50% 0.00% Tree Perennial 
Onagraceae Ludwigia pilosa 1.00% 0.00% 0.00% Forb/herb Perennial 
Orobranchaceae Agalinis filicaulis 0.00% 0.00% 1.00% Forb/herb Annual 
Oxalidaceae Desmondia rotundifolia 0.00% 2.00% 0.00%   
Oxalidaceae Oxalis sp. 2.00% 0.00% 1.00% Forb/herb Perennial 
Pinaceae Pinus elliottii 0.50% 0.00% 0.00% Tree Perennial 
Poaceae Schizachyrium scoparium 79.00% 82.50% 83.00% Graminoid Perennial 
Poaceae Dichanthelium aciculare 20.50% 52.50% 0.50% Graminoid Perennial 
Poaceae Dichanthelium scabrisculum 64.50% 58.00% 41.50% Graminoid Perennial 
Poaceae Dichantelium scoparium 0.00% 0.00% 2.00% Graminoid Perennial 
Poaceae Panicum verrucosum 3.50% 5.50% 17.00% Graminoid Perennial 
Poaceae Paspalum plicatum 2.00% 3.00% 0.00% Graminoid Perennial 
Poaceae Setaria parviflora 0.50% 0.00% 0.00% Graminoid Perennial 
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Polygalaceae Polygala mariana 0.00% 1.00% 0.00% Forb/herb Annual 
Rosaceae Rubus trivialis 41.50% 47.50% 63.50% Vine Perennial 
Rubiaceae Diodia virginiana 7.50% 1.00% 0.50% Forb/herb Annual 
Rubiaceae Diodia teres 0.50% 5.00% 0.50% Forb/herb Annual 
Scrophulariaceae Mecardonia acuminata 1.50% 6.00% 0.00% Forb/herb Perennial 
Smilaceae Smilax glauca 54.00% 36.50% 29.50% Vine Perennial 
Symplocaceae Symplocos tinctoria 2.00% 2.50% 0.50% Shrub Perennial 
Tetrachondraceae Polypremum procumbens 9.50% 0.00% 0.00% Forb/herb Annual 
Verbenaceae Callicarpa americana 6.00% 8.50% 3.00% Shrub Perennial 
Verbenaceae Phyla sp. 0.50% 0.00% 0.00% Forb/herb Perennial 
Violaceae Viola primulifolia 0.00% 0.00% 0.50% Forb/herb Perennial 
Vitaceae Vitis rotundifolia 1.00% 0.50% 0.00% Vine Perennial 
Vitaceae Partenocissus quinquefolia 0.00% 0.50% 0.00% Vine Perennial 
Xiridaceae Xyris stricta var. obscura 0.00% 1.00% 0.00% Forb/herb Perennial 
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A2. Understory species found in P. elliottii plantation established in 2013 (S13) 
Family Scientific name 
Abundance 
Form Duration 
2014 2015 2016 
Acanthaceae Ruellia humilis 0.00% 0.50% 0.00% Forb/herb Perennial 
Anacardiaceae Rhus copallinum 1.00% 1.50% 1.00% Shrub Perennial 
Anacardiaceae Toxicodendron radicans 1.50% 1.00% 2.00% Vine Perennial 
Annonaceae Asimina parviflora 0.00% 0.00% 1.00% Tree Perennial 
Apiaceae Centella crenata 6.00% 0.00% 0.00% Forb/herb Perennial 
Apiaceae Centella erecta 0.00% 2.50% 2.00% Forb/herb Perennial 
Aquifoliaceae Ilex opaca 0.00% 0.50% 0.00% Shrub Perennial 
Aquifoliaceae Ilex vomitoria 0.00% 1.50% 1.50% Shrub Perennial 
Asclepiadaceae Asclepias obovata 2.50% 0.50% 0.00% Forb/herb Perennial 
Asteraceae Baccharis halimifolia 2.00% 5.50% 6.00% Shrub Perennial 
Asteraceae Conyza canadensis 19.50% 0.00% 1.50% Forb/herb Annual/biennial 
Asteraceae Eupatorium capillifolium 41.50% 47.00% 16.00% Forb/herb Perennial 
Asteraceae Eupatorium compositifolium 3.00% 0.00% 0.50% Forb/herb Perennial 
Asteraceae Eupatorium leucolepsis 11.00% 16.50% 13.50% Forb/herb Perennial 
Asteraceae Eupatorium perfoliatum 2.00% 0.50% 1.50% Forb/herb Perennial 
Asteraceae Eupatorium rotundifolium 45.00% 37.50% 21.00% Forb/herb Perennial 
Asteraceae Eupatorium serotinum 5.50% 1.00% 0.00% Forb/herb Perennial 
Asteraceae Euthamia leptocephala 4.50% 7.00% 1.50% Forb/herb Perennial 
Asteraceae Gaillardia aestivalis 0.00% 0.50% 0.00% Forb/herb Perennial 
Asteraceae Gamochaeta purpurea 7.50% 19.00% 2.50% Forb/herb Annual/biennial 
Asteraceae Helianthus angustifolius 77.00% 72.00% 63.50% Forb/herb Perennial 
Asteraceae Hymenopappus artemisiifolius 1.50% 0.00% 0.00% Forb/herb Biennial 
Asteraceae Liatris acidota 0.00% 0.50% 0.00% Forb/herb Perennial 
Asteraceae Pityopsis graminifolia 0.50% 0.00% 0.00% Forb/herb Perennial 
Asteraceae Pyrrhopappus carolinianus 0.00% 3.00% 7.50% Forb/herb Annual/biennial 
Asteraceae Rudbeckia grandiflora 1.00% 1.00% 0.00% Forb/herb Perennial 
Asteraceae Rudbeckia hirta 2.00% 4.50% 3.00% Forb/herb Perennial 
Asteraceae Silphium gracile 0.00% 1.50% 0.50% Forb/herb Perennial 
Asteraceae Solidago altissima 20.50% 10.00% 1.50% Forb/herb Perennial 
Asteraceae Solidago rugosa 3.50% 8.50% 21.00% Forb/herb Perennial 
Asteraceae Symphyotrichum dumosum 5.50% 13.50% 32.50% Forb/herb Perennial 
Asteraceae Pluchea rosea 0.00% 2.00% 0.00% Forb/herb Perennial 
Asteraceae Bidens sp. 0.00% 0.50% 0.00% Forb/herb Perennial 
Bignogniaceae Campsis radicans 2.50% 4.00% 5.00% Vine Perennial 
Campanulaceae Lobelia appendiculata 0.50% 0.00% 0.50% Forb/herb Annual/biennial 
Campanulaceae Lobelia puberula 0.00% 0.50% 1.50% Forb/herb Perennial 
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Cistaceae Lechea tenuifolia 0.50% 0.00% 0.00% Forb/herb Perennial 
Cyperaceae Cyperus echinatus 2.00% 0.50% 0.00% Graminoid Perennial 
Cyperaceae Fuirena breviseta 1.50% 2.00% 0.50% Graminoid Perennial 
Cyperaceae Rhynchospora caduca 12.00% 22.00% 14.50% Graminoid Perennial 
Cyperaceae Rhynchospora gracilenta 0.50% 2.00% 2.50% Graminoid Perennial 
Cyperaceae Rhynchospora inexpansa 0.50% 0.50% 0.00% Graminoid Perennial 
Cyperaceae Rhynchospora recognita 16.00% 4.50% 4.50% Graminoid Perennial 
Cyperaceae Rhynchospora plumosa 0.00% 1.50% 0.00% Graminoid Perennial 
Dennstaedtiaceae Pteridium aquilinum 19.00% 23.50% 22.50% Forb/herb Perennial 
Ericaceae Vaccinium arboreum 6.00% 0.50% 2.50% Shrub Perennial 
Ericaceae Vaccinium elliottii 0.50% 0.00% 0.50% Shrub Perennial 
Euphorbiaceae Euphorbia corollata 0.00% 2.50% 0.00% Forb/herb Perennial 
Fabaceae Centrosema virginianum 14.00% 1.00% 0.50% Forb/herb Perennial 
Fabaceae Crotalaria sagittalis 5.00% 0.00% 0.00% Forb/herb Annual 
Fabaceae Lespedeza capitata 14.00% 2.50% 0.50% Forb/herb Perennial 
Fabaceae Mimosa strigillosa 0.00% 2.00% 2.50% Forb/herb Perennial 
Fabaceae Rhynchosia tomentosa 1.50% 0.50% 0.00% Forb/herb Perennial 
Fabaceae Tephrosia onobrychoides 17.50% 15.00% 7.50% Forb/herb Perennial 
Fagaceae Quercus marilandica 0.00% 0.00% 1.50% Tree Perennial 
Gelsemiaceae Gelsemium sempervirens 0.00% 0.50% 0.00% Vine Perennial 
Gentianaceae Centaurium pulchellum 5.50% 2.50% 0.00% Forb/herb Annual 
Gentianaceae Sabatia sp. 0.00% 0.50% 0.00% Forb/herb Annual 
Haloragaceae Proserpinaca pectinata 2.00% 1.00% 5.00% Forb/herb Perennial 
Hamamelidaceae Liquidambar styraciflua 0.50% 0.50% 0.50% Tree Perennial 
Hypericaceae Hypericum fasciculatum 1.00% 1.00% 0.00% Shrub Perennial 
Hypericaceae Hypericum galioides 1.00% 1.00% 0.00% Shrub Perennial 
Hypericaceae Hypericum hypericoides 13.50% 1.00% 2.00% Shrub Perennial 
Hypericaceae Hypericum stans 24.50% 12.50% 1.00% Shrub Perennial 
Juncaceae Juncus brachicarpus 5.50% 0.50% 0.00% Graminoid Perennial 
Juncaceae Juncus polycephalus 0.50% 8.50% 0.00% Graminoid Perennial 
Lamiaceae Monarda punctata 0.00% 1.00% 0.00% Forb/herb Perennial 
Lamiaceae Pycnanthemum tenuifolium 0.50% 1.00% 0.00% Forb/herb Perennial 
Lamiaceae Scutellaria integrifolia 2.50% 1.50% 1.50% Forb/herb Perennial 
Liliaceae Aletris aurea 0.50% 1.00% 0.00% Forb/herb Perennial 
Linaceae Linum medium var. texanum 0.00% 2.50% 3.50% Forb/herb Annual 
Lycopodiaceae Lycopodiella sp. 0.50% 0.00% 0.00% Forb/herb Perennial 
Lygodiaceae Lygodium japonicum 1.00% 2.00% 0.00% Vine Perennial 
Melastomataceae Rhexia alifanus 0.00% 0.50% 0.00% Forb/herb Perennial 
Melastomataceae Rhexia lutea 1.50% 1.00% 5.00% Forb/herb Perennial 
Melastomataceae Rhexia mariana 7.50% 26.00% 1.50% Forb/herb Perennial 
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Myricaceae Morella cerifera 0.00% 1.00% 0.50% Shrub Perennial 
Nyssaceae Nyssa sylvatica 0.00% 0.00% 5.50% Tree Perennial 
Onagraceae Ludwigia pilosa 4.50% 1.00% 1.00% Forb/herb Perennial 
Orobanchaceae Agalinis filicaulis 0.50% 1.00% 0.50% Forb/herb Annual 
Oxalidaceae Oxalis sp. 0.00% 1.00% 9.50% Forb/herb Perennial 
Poaceae Schizachyrium scoparium 96.50% 72.50% 64.50% Graminoid Perennial 
Poaceae Dichanthelium aciculare 68.50% 76.00% 65.50% Graminoid Perennial 
Poaceae Dichanthelium scabrisculum 79.50% 75.00% 1.00% Graminoid Perennial 
Poaceae Panicum verrucosum 8.50% 3.50% 2.50% Graminoid Perennial 
Poaceae Paspalum plicatum 6.00% 7.00% 0.00% Graminoid Perennial 
Poaceae Setaria parviflora 0.50% 0.50% 0.00% Graminoid Perennial 
Polygalaceae Polygala cruciata 0.00% 0.50% 0.00% Forb/herb Annual 
Polygalaceae Polygala cymosa 0.00% 0.00% 2.50% Forb/herb Biennial 
Polygalaceae Polygala mariana 31.50% 17.00% 0.00% Forb/herb Annual 
Polygalaceae Polygala sanguinea 0.00% 0.50% 0.00% Forb/herb Annual 
Rosaceae Prunus serotina 0.00% 11.00% 0.00% Tree Perennial 
Rosaceae Rubus trivialis 25.00% 28.00% 32.00% Vine Perennial 
Rubiaceae Diodia virginiana 17.50% 5.50% 0.00% Forb/herb Annual 
Rubiaceae Diodia teres 1.00% 1.50% 3.00% Forb/herb Annual 
Scrophulariaceae Mecardonia acuminata 26.00% 13.50% 1.00% Forb/herb Perennial 
Smilaceae Smilax glauca 29.50% 26.50% 30.00% Vine Perennial 
Symplocaceae Symplocos tinctoria 5.50% 4.50% 0.00% Shrub Perennial 
Tetrachondraceae Polypremum procumbens 4.00% 0.00% 1.00% Forb/herb Annual 
Verbenaceae Callicarpa americana 1.50% 3.00% 0.00% Shrub Perennial 
Vitaceae Vitis rotundifolia 0.50% 0.00% 0.00% Vine Perennial 
Xiridaceae Xyris ambigua 1.00% 0.00% 2.00% Forb/herb Perennial 
Xiridaceae Xyris stricta var. obscura 0.00% 4.00% 0.50% Forb/herb Perennial 
Unknown Unknown 0.00% 0.00% 1.50% - - 
Unknown Unknown 0.00% 0.00% 0.50% - - 
Unknown Unknown 0.00% 0.00% 1.00% - - 
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A3. Understory species found in P. elliottii plantation established in 2008 (S08) 
Family Scientific name 
Abundance 
Form Duration 
2014 2015 2016 
Aceraceae Acer rubrum 0.00% 1.50% 0.00% Tree Perennial 
Anacardiaceae Rhus copallinum 1.00% 1.50% 0.50% Shrub Perennial 
Anacardiaceae Toxicodendron radicans 6.00% 8.00% 5.50% Vine Perennial 
Annonaceae Asimina parviflora 0.50% 1.50% 0.00% Tree Perennial 
Apiaceae Centella crenata 3.50% 0.50% 0.00% Forb/herb Perennial 
Apiaceae Centella erecta 0.50% 2.50% 1.00% Forb/herb Perennial 
Aquifoliaceae Ilex opaca 1.50% 2.00% 1.50% Shrub Perennial 
Aquifoliaceae Ilex vomitoria 11.50% 11.50% 6.50% Shrub Perennial 
Asteraceae Baccharis halimifolia 0.00% 1.50% 0.00% Shrub Perennial 
Asteraceae Conyza canadensis 0.00% 0.00% 1.00% Forb/herb Annual/biennial 
Asteraceae Echinacea sanguinea 0.50% 0.00% 0.00% Forb/herb Perennial 
Asteraceae Eupatorium capillifolium 2.00% 2.00% 0.00% Forb/herb Perennial 
Asteraceae Eupatorium leucolepsis 13.50% 29.50% 5.50% Forb/herb Perennial 
Asteraceae Eupatorium compositifolium 0.00% 0.50% 0.50% Forb/herb Perennial 
Asteraceae Eupatorium resinosum 0.00% 7.50% 2.50% Forb/herb Perennial 
Asteraceae Eupatorium rotundifolium 16.50% 11.50% 0.50% Forb/herb Perennial 
Asteraceae Eupatorium serotinum 1.50% 0.00% 0.00% Forb/herb Perennial 
Asteraceae Gamochaeta purpurea 0.50% 0.00% 5.50% Forb/herb Annual/biennial 
Asteraceae Helianthus angustifolius 16.50% 7.50% 0.00% Forb/herb Perennial 
Asteraceae Lactuca sp. 0.00% 0.00% 0.50% Forb/herb Annual/biennial 
Asteraceae Liatris acidota 1.00% 0.00% 0.00% Forb/herb Perennial 
Asteraceae Rudbeckia hirta 0.00% 0.00% 0.50% Forb/herb Perennial 
Asteraceae Solidago altissima 2.50% 0.50% 0.00% Forb/herb Perennial 
Asteraceae Solidago rugosa 0.50% 0.00% 1.00% Forb/herb Perennial 
Asteraceae Symphyotrichum dumosum 1.00% 0.50% 2.50% Forb/herb Perennial 
Bignogniaceae Campsis radicans 2.00% 1.50% 2.00% Vine Perennial 
Cyperaceae Rhynchospora caduca 0.50% 5.50% 0.00% Graminoid Perennial 
Cyperaceae Rhynchospora gracilenta 0.00% 0.50% 0.00% Graminoid Perennial 
Cyperaceae Rhynchospora inexpansa 0.00% 0.50% 0.00% Graminoid Perennial 
Cyperaceae Rhynchospora plumosa 0.00% 0.50% 0.00% Graminoid Perennial 
Cyperaceae Rhynchospora recognita 0.50% 0.00% 2.00% Graminoid Perennial 
Cyperaceae Cyperus esculentus 0.00% 0.50% 0.00% Graminoid Perennial 
Dennstaedtiaceae Pteridium aquilinum 9.50% 9.50% 7.00% Forb/herb Perennial 
Ericaceae Vaccinium arboreum 1.00% 0.50% 0.00% Shrub Perennial 
Ericaceae Vaccinium elliottii 0.00% 0.50% 1.00% Shrub Perennial 
Euphorbiaceae Euphorbia corollata 0.00% 0.50% 0.00% Forb/herb Perennial 
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Fabaceae Centrosema virginianum 5.50% 0.00% 0.00% Forb/herb Perennial 
Fabaceae Lespedeza capitata 8.00% 3.50% 0.00% Forb/herb Perennial 
Fabaceae Mimosa strigillosa 0.00% 2.00% 0.00% Forb/herb Perennial 
Fabaceae Rhynchosia tomentosa 1.00% 0.00% 0.00% Forb/herb Perennial 
Fabaceae Tephrosia onobrychoides 6.50% 5.00% 0.50% Forb/herb Perennial 
Fagaceae Quercus nigra 0.00% 1.00% 0.50% Tree Perennial 
Gelsemiaceae Gelsemium sempervirens 46.50% 41.00% 41.50% Vine Perennial 
Gentianaceae Sabatia sp. 0.00% 0.50% 0.00% Forb/herb Annual 
Haloragaceae Proserpinaca pectinata 1.00% 3.50% 2.00% Forb/herb Perennial 
Hamamelidaceae Liquidambar styraciflua 5.00% 2.00% 5.00% Tree Perennial 
Hypericaceae Hypericum hypericoids 0.50% 0.00% 0.00% Shrub Perennial 
Hypericaceae Hypericum stans 1.50% 2.00% 0.50% Shrub Perennial 
Hypericaceae Hypericum punctatum 0.00% 0.50% 0.00% Shrub Perennial 
Juncaceae Juncus brachicarpus 0.50% 0.00% 0.00% Graminoid Perennial 
Lamiaceae Scutellaria integrifolia 0.50% 0.50% 0.00% Forb/herb Perennial 
Lycopodiaceae Lycopodiella sp. 1.50% 0.00% 0.00% Forb/herb Perennial 
Lygodiaceae Lygodium japonicum 1.50% 0.50% 0.50% Vine Perennial 
Magnoliaceae Magnolia virginiana 4.50% 0.00% 0.00% Tree Perennial 
Melastomataceae Rhexia alifanus 0.50% 0.00% 0.00% Forb/herb Perennial 
Melastomataceae Rhexia lutea 7.00% 1.00% 0.00% Forb/herb Perennial 
Melastomataceae Rhexia mariana 18.00% 5.50% 0.00% Forb/herb Perennial 
Myricaceae Myrica cerifera 1.50% 2.00% 1.00% Shrub Perennial 
Onagraceae Ludwigia pilosa 1.00% 7.00% 3.00% Forb/herb Perennial 
Orobanchaceae Agalinis filicaulis 0.00% 0.00% 1.00% Forb/herb Annual 
Oxalidaceae Oxalis sp. 0.00% 0.00% 0.50% Forb/herb Perennial 
Poaceae Schizachyrium scoparium 94.50% 61.00% 62.00% Graminoid Perennial 
Poaceae Dichanthelium aciculare 16.00% 5.50% 1.50% Graminoid Perennial 
Poaceae Dichanthelium scabrisculum 34.00% 33.50% 30.00% Graminoid Perennial 
Poaceae Panicum verrucosum 4.50% 34.00% 16.00% Graminoid Perennial 
Rosaceae Rubus trivialis 47.00% 46.00% 38.50% Vine Perennial 
Rubiaceae Diodia virginiana 24.00% 17.00% 1.50% Forb/herb Annual 
Rubiaceae Diodia teres 0.00% 7.50% 0.00% Forb/herb Annual 
Smilaceae Smilax glauca 62.00% 54.50% 44.50% Vine Perennial 
Symplocaceae Symplocos tinctoria 5.00% 6.50% 7.00% Shrub Perennial 
Tetrachondraceae Polypremum procumbens 0.00% 0.50% 0.00% Forb/herb Annual 
Verbenaceae Callicarpa americana 2.50% 1.00% 1.00% Shrub Perennial 
Vitaceae Vitis rotundifolia 3.00% 4.00% 2.00% Vine Perennial 
Xiridaceae Xyris ambigua 0.50% 0.00% 0.00% Forb/herb Perennial 
Xiridaceae Xyris stricta var. obscura 0.00% 0.50% 0.00% Forb/herb Perennial 
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APPENDIX B. DOMINANT UNDERSTORY SPECIES LIST  
 
Plantation Site Species Relative abundance (wi)  
E13 R6 D. virginiana 0.03 
E13 R6 E. capillifolium 0.05 
E13 R6 E. leucolepsis 0.12 
E13 R6 L. japonicum 0.06 
E13 R6 R. trivialis 0.22 
E13 R6 S. glauca 0.12 
E13 R6 S. scoparium 0.2 
    
E13 R8 D. scabrisculum 0.13 
E13 R8 E. capillifolium 0.08 
E13 R8 R. trivialis 0.26 
E13 R8 S. glauca 0.12 
E13 R8 S. scoparium 0.24 
    
E13 R9 B. halimifolia 0.08 
E13 R9 D. virginiana 0.07 
E13 R9 E. capillifolium 0.07 
E13 R9 E. perfoliatum 0.07 
E13 R9 R. trivialis 0.19 
E13 R9 S. altissima 0.07 
E13 R9 S. glauca 0.12 
E13 R9 S. scoparium 0.21 
    
E13 R10 B. halimifolia 0.11 
E13 R10 E. capillifolium 0.13 
E13 R10 E. leucolepsis 0.1 
E13 R10 E. rotundifolius 0.13 
E13 R10 H. angustifolius 0.09 
E13 R10 S. scoparium 0.34 
    
E13 R11 B. halimifolia 0.04 
E13 R11 C. americana 0.04 
E13 R11 D. scabrisculum 0.18 
E13 R11 E. capillifolium 0.03 
E13 R11 E. perfoliatum 0.06 
E13 R11 R. trivialis 0.15 
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E13 R11 S. glauca 0.09 
E13 R11 S. rugosa 0.04 
E13 R11 S. scoparium 0.18 
    
S13 S13-2 D. aciculare 0.1 
S13 S13-2 D. scabrisculum 0.14 
S13 S13-2 E. capillifolium 0.04 
S13 S13-2 E. rotundifolius 0.04 
S13 S13-2 H. angustifolius 0.15 
S13 S13-2 P. aquilinum 0.11 
S13 S13-2 R. recognita 0.04 
S13 S13-2 S. rugosa 0.05 
S13 S13-2 S. scoparium 0.16 
S13 S13-2 T. onobrychoides 0.03 
    
S13 S13-6 D. aciculare 0.12 
S13 S13-6 D. scabrisculum 0.14 
S13 S13-6 E. capillifolium 0.04 
S13 S13-6 E. leptocephala 0.03 
S13 S13-6 E. rotundifolius 0.05 
S13 S13-6 H. angustifolius 0.02 
S13 S13-6 P. aquilinum 0.05 
S13 S13-6 R. gracilenta 0.02 
S13 S13-6 R. mariana 0.03 
S13 S13-6 R. trivialis 0.08 
S13 S13-6 S. altissima 0.03 
S13 S13-6 S. glauca 0.14 
S13 S13-6 S. scoparium 0.15 
    
S13 S13-9 D. aciculare 0.17 
S13 S13-9 D. scabrisculum 0.13 
S13 S13-9 E. capillifolium 0.04 
S13 S13-9 E. leptocephala 0.03 
S13 S13-9 E. rotundifolius 0.06 
S13 S13-9 H. angustifolius 0.13 
S13 S13-9 P. carolinianus 0.04 
S13 S13-9 S. altissima 0.03 
S13 S13-9 S. glauca 0.05 
S13 S13-9 S. scoparium 0.17 
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S13 S13-17 C. erecta 0.03 
S13 S13-17 D. aciculare 0.07 
S13 S13-17 D. scabrisculum 0.08 
S13 S13-17 D. virginiana 0.03 
S13 S13-17 E. capillifolium 0.06 
S13 S13-17 E. leucolepsis 0.03 
S13 S13-17 E. rotundifolius 0.06 
S13 S13-17 H. angustifolius 0.1 
S13 S13-17 R. caduca 0.05 
S13 S13-17 R. mariana 0.03 
S13 S13-17 R. trivialis 0.06 
S13 S13-17 S. altissima 0.02 
S13 S13-17 S. glauca 0.07 
S13 S13-17 S. scoparium 0.16 
    
S13 S13-26 D. aciculare 0.13 
S13 S13-26 D. scabrisculum 0.11 
S13 S13-26 E. rotundifolius 0.04 
S13 S13-26 H. angustifolius 0.17 
S13 S13-26 H. hypericoides 0.03 
S13 S13-26 P. plicatum 0.04 
S13 S13-26 P. verrucosum 0.03 
S13 S13-26 S. glauca 0.05 
S13 S13-26 S. scoparium 0.18 
S13 S13-26 T. onobrychoides 0.05 
    
S08 S08-1 D. aciculare 0.08 
S08 S08-1 E. rotundifolius 0.01 
S08 S08-1 G. sempervirens 0.23 
S08 S08-1 I. vomitoria 0.05 
S08 S08-1 P. aquilinum 0.04 
S08 S08-1 R. mariana 0.08 
S08 S08-1 R. trivialis 0.13 
S08 S08-1 S. glauca 0.12 
S08 S08-1 S. scoparium 0.13 
    
S08 S08-3 D. scabrisculum 0.07 
S08 S08-3 G. sempervirens 0.01 
S08 S08-3 R. mariana 0.01 
S08 S08-3 R. trivialis 0.09 
  127 
S08 S08-3 S. glauca 0.23 
S08 S08-3 S. scoparium 0.41 
    
S08 S08-17 E. rotundifolius 0.03 
S08 S08-17 G. sempervirens 0.08 
S08 S08-17 S. glauca 0.08 
S08 S08-17 R. trivialis 0.17 
S08 S08-17 D. scabrisculum 0.12 
S08 S08-17 I. vomitoria 0.11 
S08 S08-17 H. angustifolius 0.04 
S08 S08-17 S. scoparium 0.17 
    
S08 S08-32 D. scabrisculum 0.19 
S08 S08-32 D. virginiana 0.05 
S08 S08-32 E. leucolepsis 0.06 
S08 S08-32 G. sempervirens 0.18 
S08 S08-32 R. trivialis 0.05 
S08 S08-32 S. glauca 0.17 
S08 S08-32 S. scoparium 0.24 
    
S08 S08-36 D. aciculare 0.05 
S08 S08-36 D. scabrisculum 0.09 
S08 S08-36 D. virginiana 0.04 
S08 S08-36 R. lutea 0.04 
S08 S08-36 R. mariana 0.04 
S08 S08-36 R. trivialis 0.21 
S08 S08-36 S. glauca 0.22 
S08 S08-36 S. scoparium 0.19 
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